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I N T R O D U C T I O N  

A l t h o u g h  o x y g e n  i n  e l e m e n t a r y  o r  c o m b i n e d  f o r m  i s  o n e  o f  
t h e  m o s t  commonly o c c u r r i n g  c o n s t i t u e n t s  o f  o r g a n i c  m a t e r i a l s  a n d  
i t s  d i r e c t  d e t e r m i n a t i o n  h a s  b e e n  t h e  s u b j e c t  o f  e x t e n s i v e  i n v e s t i -  
g a t i o n ,  t h e  d e v e l o p m e n t  a n d  a p p l i c a t i o n  o f  r a p i d  i n s t r u m e n t a l  m e t h o d s  
h a v e  n o t  k e p t  p a c e  w i t h  e x i s t i n g  r e q u i r e m e n t s .  

P r i o r  t o  1 9 3 9 ,  m e t h o d s  f o r  d i r e c t  d e t e r m i n a t i o a  o f  o x y g e n  
i n  o r g a n i c  c o m p o u n d s  w e r e  b a s e d  on  e i t h e r  c o m p l e t e  o x i d a t i o n  o f  t h e  
compound w i t h  m e a s u r e m e n t  o f  t h e  o x y g e n  c o n s u m e d  o r  c a t a l y t i c  h y d r o -  
g e n a t i o n  (1) t o  f o r m  w a t e r .  B o t h  o f  t h e s e  t e c h n i q u e s  were c u m b e r -  
some, r e q u i r e d  c o m p l e x  a p p a r a t u s ,  a n d  were e x c e s s i v e l y  t e d i o u s  a n d  
t i m e  c o n s u m i n g .  N e i t h e r  c o u l d  b e  c o n s i d e r e d  a m e n a b l e  t o  r o u t i n e  
a pp  1 i c a  t i on.  

I n  1 9 3 9 ,  S c h u t z e  (2) p r o p o s e d  a s e m i - m i c r o m e t h o d  i n  w h i c h  
t h e  s a m p l e  i s  t h e r m a l l y  d e c o m p o s e d  i n  a s t r e a m  o f  n i t r o g e n  a n d  t h e  
c r a c k e d  p r o d u c t s  a r e  p a s s e d  o v e r  c a r b o n  a t  a b o u t  1 0 0 0 ° C .  The  r e s u l t -  
i n g  c a r b o n  m o n o x i d e  i s  t h e n  o x i d i z e d  a t  room t e m p e r a t u r e  w i t h  i o d i n e  
p e n t o x i d e  y i e l d i n g  c a r b o n  d i o x i d e  a n d  i o d i n e ,  e i t h e r  o f  w h i c h  may b e  
d e t e r m i n e d  a n d  u s e d  a s  a m e a s u r e  o f  o x y g e n  c o n t e n t .  U n t e r z a u c h e r  (3) 
a d a p t e d  t h e  m e t h o d  t o  t h e  m i c r o c h e m i c a l  s c a l e  b y  m a k i n g  v a r i o u s  i m -  
p r o v e m e n t s  i n  t h e  a p p a r a t u s .  M o d i f i c a t i o n s  p e r m i t t i n g  t h e  u s e  o f  
l a r g e r  s a m p l e  s i z e s  were made b y  D i n e r s t e i n  a n d  K l i p p  ( 4 )  i n a n  e f f o r t  
t o  m i n i m i z e  e r r o r s  i n  t h e  a n a l y s i s  o f  low o x y g e n  c o n t e n t  p e t r o l e u m  
p r o d u c t s .  O i t a  ( 5 )  made f u r t h e r  m o d i f i c a t i o n s  i n  a p p l y i n g  t h e  t e c h -  
n i q u e  t o  l i g h t  h y d r o c a r b o n s .  The  p r o b l e m s  o f  s e n s i t i v i t y  a n d  v o l a -  
t i l i t y  w e r e  o v e r c o m e  b y  u s i n g  a m a g n e t i c a l l y  c o n t r o l l e d  s e c t i o n  o f  
s p i r a l  q u a r t z  t u b i n g  a s  t h e  s a m p l e  c o n t a i n e r  p e r m i t t i n g  t h e  u s e  o f  a s  
much a s  5 g r a m s  o f  s a m p l e .  A l t h o u g h  m e t h o d s  b a s e d  on  t h e r m a l  decom- 
p o s i t i o n  r e q u i r e  s o m e w h a t  s i m p l e r  a p p a r a t u s  a n d  a r e  l e s s  s u b j e c t  t o  
i n t e r f e r e n c e  t h a n  t h e  c o m p l e t e  o x i d a t i o n  a n d  c a t a l y t i c  h y d r o g e n a t i o n  
m e t h o d s ,  t i m e  r e q u i r e m e n t s  o f  t h e  o r d e r  o f  6 0  t o  7 0  m i n u t e s  p e r  
a n a l y s i s  make t h e m  e q u a l l y  u n a t t r a c t i v e  f o r  r o u t i n e  u s e .  

The  a n s w e r  t o  t h e  o x y g e n  a n a l y s i s  p r o b l e m  now a p p e a r s  t o  b e  
f a s t  n e u t r o n  a c t i v a t i o n  a n a l y s i s  ( 6 - 8 ) .  T h e  p u r p o s e  o f  t h i s  p a p e r  i s  
t o  d e s c r i b e  t h e  t e c h n i q u e s  e m p l o y e d  a t  t h i s  l a b o r a t o r y  f o r  d e t e r m i n i n g  
o x y g e n  i n  p e t r o l e u m  p r o d u c t s  a n d  r e l a t e d  m a t e r i a l s  b y  t h e  a c t i v a t i o n  
m e t h o d .  

1. 



I n  t h e  d e t e r m i n a t i o n  o f  o x y g e n  b y  f a s t  n e u t r o n  a c t i v a t i o n ,  
t h e  s a m p l e  t o  b e  a n a l y z e d  i s  i r r a d i a t e d  w i t h  n e u t r o n s  of  s u f f i c i e n t  
e n e r g y  t o  i n i t i a t e  t h e  016(n,p)N16 r e a c t i o n  (Q = - 9 . 6 2  Mm). T h e  
7 . 4 - s e c o n d  N 1 6  a c t i v i t y  i n d u c e d  i n  t h e  s a m p l e  i s  t h e n  m e a s u r e d  a n d  
t h e  o x y g e n  c o n t e n t  c o m p u t e d  f r o m  t h e  s l o p e  o f  a c a l i b r a t i o n  c u r v e  
p r e p a r e d  f r o m  a s e r i e s  o f  s t a n d a r d s  c o n t a i n i n g  known a m o u n t s  o f  oxygen. 
S a m p l e s  a n d  s t a n d a r d s  a r e  p r e p a r e d ,  i r r a d i a t e d , '  a n d  c o u n t e ' d  i n  e x a c t l y  
t h e  same way; a l l  a c t i v i t i e s  a re  n o r m a l i z e d  t o  a f i x e d  n e u r r o n  f l u x  
a n d  w e i g h t .  

F a s t  n e u t r o n s  f o r  t h i s  w o r k  a r e  m o s t  c o n v e n i e n t l y  p r o d u c e d  
b y  b o m b a r d i n g  a t r i t i a t e d  t a r g e t  ( e - g .  t r i t i a t e d  t i t a n i u m )  w i t h  
d e u t e r o n s  i n  a r e l a t i v e l y  low v o l t a g e  a c c e l e r a t o r ,  t h e  y i e l d  o f  t h e  
H 3 ( d , n ) H e 4  r e a c t i o n  b e i n g  s u c h  t h a t  a n  a d e q u a t e  o u t p u t  (- lolo neut rons /  
s e c )  o f  14-Mev n e u t r o n s  i s  o b t a i n e d  a t  a c c e l e r a t i n g  v o l t a g e s  a s  l o w  
a s  1 2 5  k i l o v o l t s .  

E i t h e r  b e t a - r a y  o r  gamma-ray  c o u n t i n g  t e c h n i q u e s  c a n  b e  
e m p l o y e d  t o  measure t h e  N L 6  a c t i v i t y  ( s e e  F i g .  1). B e c a u s e  o f  t h e  
s h o r t  h a l f - l i f e  o f  N L 6 ,  t h e  i r r a d i a t i o n  t i m e  a n d  t h e  t i m e  a t  w h i c h  
t h e  i r r a d i a t i o n  s t o p s ,  a s  w e l l  a s  t h e  c o u n t i n g  t i m e  a n d  t h e  t i m e  a t  
w h i c h  t h e  c o u n t i n g  s t a r t s ,  n e e d  t o  b e  v e r y  c a r e f u l l y  c o n t r o l l e d .  An 
a u t o m a t i c  t i m i n g  a n d  s a m p l e  t r a n s f e r  s y s t e m  i s  t h e r e f o r e  n e c e s s a r y  
i f  a c c u r a t e ,  r e p r o d u c i b l e  r e s u l t s  a r e  t o  b e  o b t a i n e d .  

; t  
INSTRUMENTATION 

A d i a g r a m  o f  t h e  s a m p l e  t r a n s f e r  system u s e d  f o r  t h e  o x y g e n  
a n a l y s e s  w i t h  d e t a i l  s k e t c h e s  o f  a s a m p l e  b o t t l e  i n  t h e  i r r a d i a t i o n  
a n d  c o u n t i n g  p o s i t i o n s  i s  shown i n  F i g .  2 .  T h e  s y s t e m  i s  o p e r a t e d  
w i t h  a i r  a t  6 5  p s i  a n d  i s  e q u i p p e d  w i t h  t h r e e  t i m e r s  and f o u r  s o l e n o i d  
v a l v e s  t h a t  a u t o m a t i c a l l y  t i m e  a n d  c o n t r o l  t he  i r r a d i a t i o n ,  t r a n s f e r ,  
a n d  c o u n t i n g  s e q u e n c e .  S a m p l e s  a r e  t r a n s f e r r e d  t h r o u g h  t h e  3 2 - f o o t  
l o n g  p o l y e t h y l e n e  t u b e ,  w h i c h  m a k e s  a 200" b e n d  o v e r  t h e  t o p  o f  t h e  
s h i e l d i n g  w a l l ,  i n  l e s s  t h a n  1 - 1 / 4  s e c o n d s .  A p h o t o e l e c t r i c  d e v i c e  
is e m p l o y e d  a t  t h e  t a r g e t  e n d  o f  t h e  t r a n s f e r  t u b e  t o  a s s u r e  r e p r o -  
d u c i b l e  p o s i t i o n i n g  o f  t h e  s a m p l e  b o t t l e s  i n  f r o n t  o f  t h e  w a t e r - c o o l e d  
t r i t i a t e d  t i t a n i u m  t a r g e t  ( o n  a 2 - m i l  t h i c k  s t a i n l e s s  s t e e l  b a c k i n g )  
o f  t h e  130 k i l o v o l t  a c c e l e r a t o r .  The 14-Mev n e u t r o n  f l u x  o n  t h e  
d e u t e r o n  beam ax i s  3 / 4 - i n c h  f r o m  t h e  t a r g e t  ( c e n t e r  o f  s a m p l e  b o t t l e )  
i s  a p p r o x i m a t e l y  2 x 10% n e u t r o n / c m 2 - s e c  w i t h  a 2 5 0  @amp m a g n e t i c a l l y  
a n a l y z e d  ( 2 0 "  d e f l e c t i o n )  beam o f  d e u t e r o n s  (Di'). 

Two 3 - i n c h  d i a m e t e r  x 3 - i n c h  t h i c k  N a I ( T 1 )  s c i n t i l l a t i o n  
c o u n t e r s  a r e  u s e d  t o  d e t e c t  t h e  6.1 a n d  7 . 1  Mev gamma r a y s  f r o m  Nl6 .  
The o u t p u t s  o f  t h e  two c o u n t e r s  a r e  f e d  i n  p a r a l l e l  t h r o u g h  a n  a m p l i -  
f i e r  t o  e i t h e r  a d i s c r i m i n a t o r - s c a l e r  o r  a m u l t i c h a n n e l  a n a l y z e r ,  t h e  
l a t t e r  b e i n g  n e e d e d  o n l y  t o  d e t e r m i n e  t h e  opt imum d i s c r i m i n a t o r  s e t -  
t i n g  f o r  a g i v e n  m a t r i x  m a t e r i a l .  ( F o r  m o s t  p e t r o l e u m  p r o d u c t s  t h e  
d i s c r i m i n a t o r  c a n  b e  s e t  t o  a c c e p t  gamma r a y s  w i t h  e n e r g i e s  g r e a t e r  
t h a n  a b o u t  0 . 5  Mev w i t h o u t  i n t r o d u c i n g  a n y  a p p r e c i a b l e  e r r o r  i n  t he  
o x y g e n  d e t e r m i n a t i o n . )  T h e  n e u t r o n  o u t p u t  o f  t h e  a c c e l e r a t o r  i s  moni- 
t o r e d  w i t h  a BF3 c o u n t e r  l o c a t e d  i n  a p o s i t i o n  i n  t h e  s h i e l d i n g  w a l l  
w h e r e  p r e l i m i n a r y  t e s t s  s h o w e d  t h a t  t h e  t o t a l  c o u n t  d u r i n g  a n  i r r a d i -  
a t i o n  p e r i o d  w o u l d  b e  p r o p o r t i o n a l  t o  t h e  f a s t  f l u x  t h r o u g h  the  sample. 
T h e  m o n i t o r  i s  u s e d  t o  n o r m a l i z e  s a m p l e  d a t a  t o  a f i x e d  n e u t r o n  f l u x  
t h e r e b y  c o m p e n s a t i n g  f o r  f l u c t u a t i o n s  d u e  t o  c h a n g i n g  beam a n d  t a r -  
g e t  c o n d i t i o n s .  



E X  PER IME NTA L 

S a m p l e  P r e p a r a t i o n  - The s a m p l e s ,  w h i c h  t o  d a t e  h a v e  b e e n  
p r e d o m i n a n t l y  r a t h e r  v o l a t i l e  l i q u i d  p e t r o l e u m  p r o d u c t s ,  a r e  p o u r e d  
i n t o  1 / 4 - o u n c e  p o l y e t h y l e n e  b o t t l e s  ( w e i g h i n g  a b o u t  1 . 5  g r a m s )  f i t t e d  
w i t h  e x t e n d e d  d r o p p e r  t i p s *  f o r  s e a l i n g  a n d  m a c h i n e d  p o l y e t h y l e n e  
d r i v i n g  c a p s .  S a m p l e  b o t t l e s  a r e  w e i g h e d  b e f o r e  a n d  a f t e r  f i l l i n g  
a n d  t h e  w e i g h t  o f  t h e  s a m p l e  (-6 g r a m s )  d e t e r m i n e d  t o  0 .01  g r a m s .  
The f i l l i n g  a n d  s e a l i n g  o p e r a t i o n s  a r e  c a r r i e d  o u t  i n  a n  a t m o s p h e r e  
o f  n i t r o g e n  o r  h e l i u m .  

I r r a d i a t i o n  a n d  C o u n t i n g  - S a m p l e s  a r e  p u t  i n  t h e  i r r a d i -  
a t i o n  p o s i t i o n  b y  i n s e r t i n g  i n  a s a m p l e  l o a d e r  l o c a t e d  n e a r  t h e  
c o u n t e r  e n d  o f  t h e  t r a n s f e r  t u b e  a n d  p r e s s i n g  a b u t t o n  w h i c h  momen- 
t a r i l y  o p e n s  s o l e n o i d  v a l v e s  N o .  1 a n d  No. 2 ( F i g .  2 ) .  The i r r a d i -  
a t i o n ,  d e l a y  a n d  c o u n t i n g  s e q u e n c e  a r e  i n i t i a t e d  b y  a m a n u a l  s w i t c h  
w h i c h  s i m u l t a n e o u s l y  s t a r t s  t h e  i r r a d i a t i o n  t i m e r  a n d  t h e  n e u t r o n  
m o n i t o r  a n d  d i r e c t s  t h e  d e u t e r o n  beam o n t o  t h e  t r i t i u m  t a r g e t  by  
e n e r g i z i n g  a beam d e f l e c t o r  l o c a t e d  i n  t h e  d r i f t  t u b e  o f  t h e  a c c e l e r -  
a t o r .  A f t e r  t h e  p r e s e t  i r r a d i a t i o n  t i m e  ( 2 0  s e c o n d s ) ,  t h e  b e a m  i s  
a u t o m a t i c a l l y  d e f l e c t e d  o n t o  a w a t e r - c o o l e d  s l i t  s t o p p i n g  t h e  g e n e r -  
a t i o n  o f  n e u t r o n s ,  v a l v e s  No. 3 a n d  No. 4 a r e  o p e n e d ,  a n d  t h e  d e l a y  
t i m e r  i s  s t a r t e d .  The  d e l a y  t i m e r  t h e n  t u r n s  on t h e  c o u n t i n g  e q u i p -  
m e n t  f o r  a p r e s e t  c o u n t i n g  t i m e  ( u s u a l l y  2 0  s e c o n d s )  1 - 1 / 4  s e c o n d s  
a f t e r  b e i n g  a c t u a t e d .  E x p e r i e n c e  h a s  shown t h a t  t h e  h e a v i e s t  samples, 
a n d  c o n s e q u e n t l y  t h e  s l o w e s t  t o  t r a n s f e r ,  r e a c h  t h e  c o u n t i n g  p o s i t i o n  
w i t h i n  t h i s  p e r i o d .  A f t e r  t h e  c o u n t i n g  d a t a  a r e  r e c o r d e d ,  t h e  c y c l e  
i s  r e p e a t e d  u n t i l  t h e  d e s i r e d  t o t a l  c o u n t  i s  a c c u m u l a t e d .  

D I S C U S S I O N  

One o f  t h e  m o s t  i m p o r t a n t  p r o b l e m s  t o  b e  s o l v e d  b e f o r e  
o x y g e n  a n a l y s i s  b y  n e u t r o n  a c t i v a t i o n  c d n  b e  p u t  on  a r o u t i n e  b a s i s  
i s  t h a t  o f  o b t a i n i n g  a m o d e r a t e l y  s i z e d  ( -5-15 m l ) ,  c h e a p ,  d i s p o s a b l e ,  
s a m p l e  c o n t a i n e r .  I d e a l l y ,  t h e  c o n t a i n e r  m a t e r i a l  s h o u l d  b e  r e l a t i v e l y  
f r e e  o f  o x y g e n ,  f l u o r i n e *  a n d  o t h e r  e l e m e n t s  t h a t  g i v e  r i s e  t o  r e a c -  
t i o n  p r o d u c t s  w i t h  s h o r t  h a l f  l i v e s .  S h o r t  o f  t h i s ,  t h e  c o n c e n t r a t i o n  
o f  c o n t a m i n a n t s  i n  t h e  m a t e r i a l  s h o u l d  n o t  v a r y  s i g n i f i c a n t l y  f r o m  
c o n t a i n e r  t o  c o n t a i n e r .  

F o l l o w i n g  a r o u g h  s u r v e y  b y  t h e  f a s t  a c t i v a t i o n  m e t h o d  o f  
t h e  o x y g e n  a n d  f l u o r i n e  c o n t e n t s  o f  a number o f  p o s s i b l e  c o n t a i n e r  
m a t e r i a l s ,  p o l y e t h y l e n e  w a s  s e l e c t e d  f o r  f u r t h e r  s t u d y .  S a m p l e s  were 
e i t h e r  m a c h i n e d  i n  t h e  f o r m  of  s o l i d  c y l i n d e r s  ( w e i g h i n g  a b o u t 6 g r a m s )  
o r  c u t  i n t o  s m a l l  p i e c e s  a n d  s e a l e d  i n  a b o t t l e  i n  a n  a t m o s p h e r e  o f  
h e l i u m .  They  w e r e  i r r a d i a t e d  a n d  c o u n t e d  a s  d e s c r i b e d  a b o v e .  Rela-  
t i v e  gamma-ray  a c t i v i t i e s  p e r  g r a m  m e a s u r e d  a b o v e  a d i s c r i m i n a t o r  
l e v e l  c o r r e s p o n d i n g  t o  0 . 5  Mev f o r  s e v e r a l  t y p e s  o f  p o l y e t h y l e n e  a r e  
g i v e n  i n  T a b l e  I; a p o l y p r o p y l e n e  v a l u e  i s  i n c l u d e d  f o r  c o m p a r i s o n  
p u r p o s e s .  

T h e s e  r e s u l t s  l e d  us t o  t h e  u s e  o f  t h e  c o m m e r c i a l l y  a v a i l -  
a b l e  l l 4 - o u n c e  p o l y e t h y l e n e  b o t t l e  ( c o s t i n g  $ 3 7  p e r  t h o u s a n d )  f o r  o u r  
s t a n d a r d  s a m p l e  c o n t a i n e r .  S u b s e q u e n t  a c t i v a t i o n  m e a s u r e m e n t s  h a v e  

* T i p s  (No. D 1 3 - 3 7 0 )  a r e  p u r c h a s e d  w i t h  t h e  b o t t l e s  (No. 5 - 6 0 4 5 )  f r o m  

+ ~ 1 6  i s  a l s o  p r o d u c e d  f r o m  f l u o r i n e  b y  t h e  F 1 9 ( n 1 a ) N 1 6  r e a c t i o n .  

E r n 0  p r o d u c t s  Company, P h i l a d e l p h i a ,  P e n n s y l v a n i a .  



4. 
shown t h a t  t h e  p o l y e t h y l e n e  i n  t h e s e  b o t t l e s  c o n t a i n s  a p p r o x i m a t e l y  
3 2 0  ppm o f  o x y g e n ;  c h a n g e s  i n  o x y g e n  c o n t e n t  f r o m  b o t t l e  t o  b o t t l e  , 

a r e  t o o  s m a l l  t o  b e  d e t e c t e d  b y  p r e s e n t  p r o c e d u r e s .  

TABLE I 

C o m p a r i s o n  o f  A c t i v i t i e s  I n d u c e d  i n  P o l y e t h y l e n e  
a n d  P o l y p r o p y l e n e  b y  F a s t  N e u t r o n s  

R e l a t i v e  
A c t i v i t y  
P e r  G r a m *  

C o n v e n t i o n a l  P o l y e t h y l e n e  A l l i e d  R e s i n o u s  2.7 * 0.4 
P r o d u c t s ,  I n c .  

L i n e a r  Po 1 y e  t h y  1 e n e  A l l i e d  R e s i n o u s  1 . 9  * 0 . 2  

M a r l e x  5 0 0 3  Wes t l a k e  P l a s t i c s  1 . 9  f 0 . 2  

P o l y e t h y l e n e  f r o m  C o m m e r c i a l  . P l a x  C o r p o r a t i o n  1.0 c 0 . 2  

P r  o d u c  t s  , I n c .  

Company 

l / 4 - 0 u n c e  B o t t l e  ( E r n o  P r o d u c t s  Co.) 
p o l y p r o p y l e n e  A l l i e d  R e s i n o u s  5 . 5  k 0.6 

P r  o d u c  t s  , I n c  . 
* E r r o r s  a r e  s t a n d a r d  d e v i a t i o n s  d u e  t o  c o u n t i n g  s t a t i s t i c s .  

T h e  p o l y e t h y l e n e  b o t t l e  w i l l  l o s e  p r o d u c t  b y  d i f f u s i o n  
t h r o u g h  tfie w a l l  a n d  b e c o m e  d i s t o r t e d  when l e f t  f i l l e d  a t  room t e m p e r -  
a t u r e  f o r  more  t h a n  a f e w  m i n u t e s  w i t h  some h y d r o c a r b o n s ,  p a r t i c u l a r l y  
t h e  a r o m a t i c s .  B e s t  r e s u l t s  a r e  o b t a i n e d ,  t h e r e f o r e ,  when s a m p l e s  a r e  
i r r a d i a t e d  a n d  c o u n t e d  i m m e d i a t e l y  a f t e r  p r e p a r a t i o n .  

Smooth  t r a n s i t  o f  t h e  b o t t l e s  t h r o u g h  t h e  t r a n s f e r  t u b e  i s  
made p o s s i b l e  by  t h e  l i p  on t h e  t o p  o f  t h e  b o t t l e  c a p  ( s e e  F i g .  2 ) .  
B e f o r e  t h i s  f e a t u r e  w a s  a d d e d  t r a n s i t  t i m e s  w o u l d  v a r y  c o n s i d e r a b l y ,  
a n d  o c c a s i o n a l l y  a b o t t l e  w o u l d  b e  s u s p e n d e d  i n  a v e r t i c a l  s e c t i o n  o f  
t h e  t u b e  b y  t h e  a i r  s t r e a m i n g  t h r o u g h  t.he a n n u l u s  b e t w e e n  t h e  b o t t l e  
a n d  t h e  t u b e .  

RESULTS 

A t y p i c a l  c a l i b r a t i o n  c u r v e  f o r  o x y g e n  i s  shown i n  F i g .  3 
f o r  c o u n t s  t a k e n  a b o v e  a n  e n e r g y  l e v e l  o f  0 .5  M e V ;  t h e  e r r o r s  a r e  
s t a n d a r d  d e v i a t i o n s  f r o m  c o u n t i n g  s t a t i s t i c s .  The s t a n d a r d s  were 
p r e p a r e d  b y  m i x i n g  known a m o u n t s  o f  d i b u t y l  c a r b i t o l  t(C&HgOCH$H2)201 
i n  w h i t e  m i n e r a l  o i l .  A f t e r  a p p r o p r i a t e  c o r r e c t i o n s  h a d  b e e n  made  

. f o r  v a r i a t i o n s  i n  n e u t r o n  f l u x  a n d  b o t t l e  w e i g h t ,  t h e  c o u n t  f r o m  a 
b l a n k  r u n  ( b o t t l e  f i l l e d  w i t h  m i n e r a l  o i l )  w a s  u s e d  t o  c o r r e c t  t h e  
s t a n d a r d  s a m p l e  c o u n t s  f o r  t h e  o x y g e n  i n  t h e  p o l y e t h y l e n e  a n d  t h e  
o i l .  

, 



5 .  
N e u t r o n  a c t i v a t i o n  r e s u l t s  a r e  g i v e n  i n  T a b l e  I1 f o r  a 

g r o u p  o f  s y n t h e t i c  s a m p l e s  c o n t a i n i n g  known a m o u n t s  o f  a d d e d  o x y g e n  
a n d  a g r o u p  o f  t y p i c a l  p e t r o l e u m  p r o d u c t  s a m p l e s .  The p o o r  a g r e e m e n t  
w i t h  c h e m i c a l  a n a l y s i s  l o s e s  m o s t  o f  i t s  s i g n i f i c a n c e  when t h e  u n r e -  
l i a b l e n e s s  o f  t h e  c h e m i c a l  m e t h o d  i n  t h e  r a n g e  b e l o w  1% t o t a l  o x y g e n ,  
a s  e x e m p l i f i e d  b y  t h e  d a t a  i n  t h e  t h e  t h i r d  a n d  f o u r t h  c o l u m n s  o f  
T a b l e  11, i s  t a k e n  i n t o  c o n s i d e r a t i o n .  The t w o  a c t i v a t i o n  a n a l y s i s  
v a l u e s  g i v e n  f o r ,  t h e  l a s t  s e v e n  s a m p l e s  a r e  f r o m  r u n s  made s e v e r a l  
d a y s  a p a r t  u s i n g  d i f f e r e n t  s a m p l e  b o t t l e s .  I n  a l l  r u n s ,  t h e  s a m p l e s  
were c y c l e d  t w i c e ;  b l a n k  r u n s  were made w i t h  h e l i u m .  

CONCLUSIONS 

The f a s t  n e u t r o n  a c t i v a t i 0 . n  m e t h o d  f o r  d e t e r m i n i n g  o x y g e n  
i n  p e t r o l e u m  p r o d u c t s  a n d  r e l a t e d  m a t e r i a l s  i s  a c c u r a t e  a n d  i s  r e l a -  
t i v e l y  , f r e e  o f  t r a c e  e l e m e n t  i n t e r f e r e n c e  i n  t h e  r a n g e  a b o v e  0.01 
p e r  c e n t .  I t  a l l o w s  o x y g e n  t o  b e  m e a s u r e d  f a s t e r  a n d  w i t h  a h i g h e r  
p r e c i s i o n  t h a n  a n y  o t h e r  m e t h o d  y 'e t  d e v e l o p e d .  W i t h  a d d i t i o n a l  d e -  
v e l o p m e n t a l  work  i t  s h o u l d  b e  p o s s i b l e  t o  a n a l y z e  f o r  a s  l i t t l e  a s  
10 ppm o f  o x y g e n  w i t h  a n  e r r o r  o f  a b o u t  t 2 0  p e r  c e n t .  
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Activat ion Analysis of Petroleum Stocks f o r  Nitrogen 
and Oxygen by Act iva t ionwi th  Fas t  Neutrons 

D. E. H u l l  and J. T. Gilmore 

Cal i forn ia  Research Corporation, Mchiiond, Cal i forn ia  

Analysis by r a d i o a c t i v a t i o n  with r'eutrons from nuclear  
r eac to r s  i s  poss ib le  f o r  most e lements ,  i n  sone cases  w i t h  
remarkable s e n s i t i v i t y .  However, t h r e e  l i g h t  elements of p a r t i c u l a r  
i n t e r e s t  i n  petroleum r e f i n i n g ,  carbon, oxygen, and n i t rogen ,  remain 
q u l t e  i n e r t  under i r r a d i a t i o n  with slow neutrons.  A number of  
m e t a l l i c  impur i t ies  i n  petroleum can be determined by a c t i v a t i o n  i n  
a nuc lea r  r eac to r ,  b u t  the cos t  of even the  smal les t  r e a c t o r  has 
precluded t h e  rout ine  a p p l i c a t i o n  o f ' s u c h  ana lyses  i n  petroleum 
r e f i n i n g  and research.  In  one case ,  a high-voltage e l e c t r o n  
a c c e l e r a t o r ,  used p r imar i ly  f o r  r a d i a t i o n  chemistry s t u d i e s ,  has 
been adapted t o  t h e  par t - t ime product ion of a moderate neutron f lux 
and used t o  advantage i n  rou t ine  chemical a n a l y s i s , '  but I ts  c o s t  
i s  too  g r e a t  t o  j u s t i f y  i t s  purchase s o l e l y  f o r  a n a l y s i s .  The recent  
a v a i l a b i l i t y  of low-cost, low-voltage,  pos i t i ve - ion  a c c e l e r a t o r s  
designed t o  p-oduce neutrons has brought a c t i v a t i o n  a n a l y s i s  wi th in  
t h e  reach of the  average i n d u s t r i a l  l abo ra to ry .  The neutrons formed 
by 150-kev deuterons impinglng on a tritium t a r g e t  have an  energy of 
1 4  Mev. 
r eac t ion  

This s u p p l i e s  enough energy t o  a c t i v a t e  oxygen by t he  

0'' + n1 = H1 + N l e  (T1/2 = 7 .4  sec )  

and n i t rogen  by  

N 1 4  + n1 = 2n' + N 1 3  (T1/2 = 10.1 min) 

That t h e  energy is somewhat too  s m a l l  t o  a c t i v a t e  carbon by t h e  
similar r eac t ion  

C 1 2  + nl = 2n1 + Cl1 (TI 2 = 20 min) / 
i s  fo r tuna te  from the  s tandpoin t  t h a t  hydrocarbons can be analyzed 
f o r  small  concentrat ions of oxygen and n i t rogen  (and most of the 
o t h e r  elements) without t h e  hindrance of a l a rge  i n t e r f e r i n g  carbon 
a c t  l v i t y  . 

Model 150-1H, and a r e  using i t  for a n a l y s i s  of petroleum s tocks  . 
f o r  var ious  elements by a c t i v a t i o n  w i t h  t h e  14-Mev neutrons.  A t  
a beam cur ren t  o f  0.5 mill iampere on a f r e s h  t a r g e t  of t i t an ium 
t r i t i d e  on a molybdenum disk ,  we f i n d  a f a s t  neutron f l u x  of 
2 x lo1' n/sec. 

We have i n s t a l l e d  a Texas Nuclear neutron genera tor ,  

With the  sample i n  a 60-mi b o t t l e  ad jacent  t o  the  
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t a r g e t  we achieve an average f l u x  d e n s i t y  i n  t h e  sample of 
5 x 10' n/cm2-sec. 
n i t rogen  and oxygen analyses .  

In t h i s  paper, we r e p o r t  ou r  experience i n  

Nitrogen Analysis 

A sample up t o  60 ml i n  a polyethylene tube o r  b o t t l e  i s  
exposed t o  the  neutron f l u x  f o r  10 minutes. Then t h e  b o t t l e  i s  
placed i n  a well  i n  a 3-inch NaI c r y s t a l  f o r  count ing t h e  
s c i n t i l l a t i o n s  produced by the a n n i h i l a t i o n  photons from the  N 1 3  
p o s i t r o n s .  A l t e rna t ive ly ,  the i r r a d i a t e d  sample i s  added t o  a 
f luo rescen t  mixture f o r  l i q u i d - s c i n t i l l a t i o n  count ing of t h e  p o s i t r o n s .  
In e i t h e r  case,  one t o  two minutes i s  allowed f o r  any oxygen i n  the 
sample o r  con ta ine r  t o  decay. Then t h e  n i t rogen  i s  counted f o r  a 
period up t o  18 minutes.  
confirmed, when necessary,  by the  h a l f - l i f e  of t he  decaying a c t i v i t y  
o r  by  the pulse-height  spectrum of t h e  a n n i h i l a t i o n  r a d i a t i o n  o r  beta 
r ays .  
n/cm2/sec, t h a t  a sample containing 1% n i t rogen  g ives  an i n i t i a l  
counting r a t e  of 1300 counts/sec. 

The i d e n t i t y  of the  r ad io i so tope  i s  

We f i n d  w i t h  a f l u x  d e n s i t y  i n  a 60-ml sample of 5 x lo7 

Flux Monitoring 

The v a r i a t i o n  i n  beam cur ren t  and p o s i t i o n  on the  t a r g e t  
d u r i n g  a s h o r t  i r r a d i a t i o n  o r  from one i r r a d i a t i o n  t o  ano the r ,  
introduces a considerable  e r r o r  i n t o  an a n a l y s i s .  The q u a n t i t y  of 
an induced a c t i v i t y  a t  t h e  end of an i r r a d i a t i o n  i s  

where dn 
t o  thedtAeutron f l u x .  
the  i n t e g r a l  has the  value L & (1 - e -  A T ) .  

A d t  
not cons t an t ,  using the  average value of dn gives only an 

approximation. The f i n a l  a c t i v i t y  may dev ia t e  from the above e i t h e r  
upward o r  downward, depending on whether t h e  f l u x  i n c r e a s e s  o r  
decreases during the  i r r a d i a t i o n .  

c o r r e c t  automatical ly  f o r  f l u c t u a t i o n s  during i r r a d i a t i o n ,  a s  wel l  as 
for e r r o r s  i n  t iming.  If, during i r r a d i a t i o n  of a sample, one exposes 
a s  a monitor an ob jec t  i n  which the  neutrons w i l l  a c t i v a t e  a radio- 
element of t h e  same h a l f - l i f e  a s  t h e  a c t i v i t y  i n  t h e  sample being 
analyzed, t h e  monitor w i l l  serve t o  au tomat i ca l ly  i n t e g r a t e  the f l u x .  
If both the  sample and the monitor a r e  exposed i n  t h e  same re spec t ive  
geometry i n  each i r r a d i a t i o n ,  t h e  r a t i o  between t h e  a c t i v i t i e s  i n  t h e  
sample and t h e  monitor w i l l  be independent of f l u x  v a r i a t i o n s ,  but 
w i l l  vary only I n  proport ion t o  t h e  element being determined i n  t h e  
sample. 

t h e  r a t e  of production of t h e  r ad io i so tope ,  i s  p ropor t iona l  

However, i f  the f l u x  i s  
If t h i s  is constant  during t h e  i r r a d i a t i o n ,  

d t  

We have found a convenient means t o  monitor t h e  f l u x  and 
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We have used small  p ieces  of copper a s  s u i t a b l e  monitors f o r  
n i t rogen .  Copper-62, induced by t h e  n,2n r eac t ion  i n  copper, has a 
ha l f - l i f e  of 9.8 minutes,  compared t o  10.1 minutes f o r  nitrogen-13. 
The copper i s  placed i n  t h e  same p o s i t i o n  i n  each i r r a d i a t i o n  and 
then counted f o r  1 minute, beginning 2 minutes a f t e r  i r r a d i a t i o n ,  i n  
a small we l l  counter .  The count from the  n i t rogen  between 2 and 20 
minutes a f t e r  i r r a d i a t i o n  i s  nomal i zed  t o  the copper count.  The . 
small d i f f e rence  i n  h a l f - l i v e s  I n  t h i s  case  would in t roduce  only a 
2 s  e r r o r  i n  normalizat ion i f  the  f l u x  changed by 20% during the  
i r r a d i a t i o n s .  

In te r fe rences  

A t  n i t rogen  concent ra t ions  below O.l$, seve ra l  substances 
present  i n  hydrocarbons may produce a c t i v i t i e s  which i n t e r f e r e  w i t h  
n i t rogen  a n a l y s i s .  Atmospheric n i t rogen  d isso lved  i n  the sample can 
be a s  h igh  as 0.03%; it can be purged from t h e  sample before  a n a l y s i s  
by b o i l i n g  i t  o r  bubbl ing oxygen through i t .  Copper has a -h igh  
cross -sec t ion  t o  14-Mev neutrons f o r  t h e  production o f  Cu-b2. Because 
i t  a l s o  emits  pos i t rons  and has  a h a l f - l i f e  i nd i s t ingu i shab le  f r o m  
t h a t  of N 1 3  and because i t  may occur  a t  low concent ra t ions  i n  
petroleum s tocks ,  i t  can be mistaken f o r  n i t rogen .  We have been ab le  
t o  s epa ra t e  the two by pulse-he ight  a n a l y s i s  of t h e  spec t r a  i n  a 
l i q u i d  s c i n t i l l a t i o n  counter  us ing  the  l a rge  d i f f e rences  i n  beta-ray 
ene rg ie s .  Most important i n t e r f e r e n c e ,  however, i s  the n i t rogen-13 .  
a c t i v i t y  produced i n  hydrocarbons by t h e  protons r e c o i l i n g  from 
fas t -neu t ron  c o l l i s i o n s  and e n t e r i n g  t h e  r eac t ion  wi th  carbon:2 

We have found t h a t  t h i s  r e a c t i o n  produces a s  much N 1 3  a s  0.07-0.09$ 
n i t rogen  i n  t h e  sample, and this  limits the s e n s i t i v i t y  for d e t e c t i o n  
of n i t rogen  i n  hydrocarbons t o  about t h e  0.1s l e v e l .  
inherent  i n t e r f e rence ,  t he  s e n s i t i v i t y  would be below 1 p a r t  p e r  
mi l l i on .  

Without t h i s  

Even a t  h igher  concent ra t ions ,  the  N 1 3  con t r ibu t ion  from 
t h i s  source m u s t  be eva lua ted  t o  g ive  an accura te  a n a l y s i s .  Two 
samples of a l u b r i c a t i n g  o i l  a d d i t i v e  compound conta in ing  1.83$ N 
according t o  chemical a n a l y s i s ,  a s  wel l  a s  a small  amount of  phosphorus, 
were d i l u t e d  by f a c t o r s  of  10.7 and 8.7 i n  benzene and i r r a d i a t e d .  
N 1 3  a c t i v i t i e s  corresponding t o  2.56% and 2.48s N were found. The 
decay of t h e  s c i n t i l l a t i o n  pulses  between 0 .4  and 0.6 Mev f i t  a 
10-minute curve,  showing t h a t  t h e  concent ra t ion  of t h e  phosphorus was 
not  enough t o  introduce a l a r g e  e r r o r .  Act ivat ion of t h e  benzene alone 
gave N13 corresponding t o  an  apparent  680 ppm N .  This con t r ibu t lon  
was sub t r ac t ed  t o  f i n d  t h e  a c t u a l  n i t rogen  content  of t he  sample, 
1.86$, which agrees  w i t h  t he  chemical a n a l y s i s .  

Oxygen Analysis 

Act ivat ion a n a l y s i s  has proved p a r t i c u l a r l y  valuable  f o r  
oxygen determinat ion s i n c e  i t  i s  t h e  only method which can give 
d i r e c t l y  t h e  t o t a l  oxygen i n  a sample. 
sub jec t  t o  f e w  i n t e r f e r e n c e s .  

The ana lys i s  is very r ap id  and 
“he nitrogen-16 formed by the n , p  
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reac t ion  decays w i t h  a 7.4-second ha l f - l i f e  by emission of beta  
p a r t i c l e s  and 6 t o  7-Mev g a m a  rays.  
twice a s  energe t ic  a s  any o t h e r s  encountered i n  a c t i v a t e d  petroleum 
s tocks ,  we can e l imina te  i n t e r f e r e n c e s  wi th  a pulse-height  s e l e c t o r  
se t  t o  respond only  t o  gamma rays  of g r e a t e r  than,  say,  4 M e V .  

‘The sample, i n  a 60-cc polyethylene b o t t l e ,  i s  i r r a d i a t e d  
f o r  30 seconds, then t r a n s f e r r e d  by pneumstic tube t G  a 3-inch wel l  
s c i n t i l l a t i o n  c r y s t a l  and counted f o r  15 seconds. The f l u x  monitor 
c o n s i s t s  of a small p iece  of p l a s t i c  s c i n t i l l a t o r ,  surrounded by 
l u c i t e  and a t tached  t o  a photomul t ip l ie r  t u b e .  The S c i n t i l l a t o r ,  
located a few inches from the t a r g e t ,  d e t e c t s  be ta  p a r t i c l e s  of  N l S  
produced from oxygen i n  t k e  l u c i t e .  Measurement of t h i s  N” 
a c t i v i t y  normalizes t n e  a c t i v i t y  i n  the sample t o  the neutron f lux  
used f o r  i r r a d i a t i o n  of an oxygen s tandard.  Since t h e  sample and 
monitor a r e  counted simultaneously,  the accuracy of a n a l y s i s  does not  
depend upon p r e c i s e  t iming o f  t h e  s t a r t  and dura t ion  of  t he  counting 
per iod .  I r r a d i a t i o n  and counting of a s tandard and i t s  monitor p l u s  
two o r  th ree  minutes of c a l c u l a t i o n  completes t h e  a n a l y s i s .  

Samples which have been analyzed by t h i s  technique include 
polymers, lube  oil a d d i t i v e s ,  a s p h a l t s ,  and cracker  feed  s tocks .  
Oxygen contents  ranged from 50 ppm t o  30s. m p l i c a t e  determinat ions 
agree t o  wi th in  2-5$, depending on the  l e v e l  of a c t i v i t y  produced. 
The highest  s e n s i t i v i t y  i s  achieved w i t h  50-gram samples, b u t  w e  have 
analyzed samples weighing a s  l i t t l e  a s  10 mill igrams. For samples 
containing less than 0.1% oxygen, a c o r r e c t i o n  f o r  oxygen i n  the  
polyethylene conta iner  becomes s i g n i f i c a n t ;  and d isso lved  oxygen 
i n  t h e  sample m u s t  be removed by bubbling w i t h  n i t r o g e n .  The only 
element i n t e r f e r i n g  d i r e c t l y  i n  t h i s  a n a l y s i s  i s  f l u o r i n e ,  which g ives  
N l e  v ia  t he  n,OLreaction. 
however; and a measurenent of t h i s  a c t i v i t y  a l lows c o r r e c t i o n  f o r  t h e  
N16 cont r ibu t ion  from f l u o r i n e .  

Re f e renc e s 

Since these gamma rays  a r e  

Fluorine i s  a l s o  a c t i v a t e d  t o  29-sec 019, 

V. P. Guinn and C .  D. Wagner, Anal. C h e m .  ;J2, 317 (1960) 

Nitrogen-13 i n  Hydrocarbons I r r a d i a t e d  w i t h  Fast Neutrons, 
s u b m i t t e d  f o r  p u b l i c a t i o n  i n  Anal. C h e m .  
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Introduction 

The primary broad objective of this work w a s  to dwelop the best 
generalized method of labellng organic materials by exchnghg hydrogen vith 
t r i t i u m .  Of more particular interest vas the pmducttan of radio-tracers by 
application of the best  tritiu labeling method to coal and t o  pIpducts de- 
rived from coal by hydrogenation o r  other processes. 
ultimatelg be for studies of the mechanism of physical. and chemical processes 
i n  which these materials are used. 

These tracera MU 

Generally, the materials that are to be labeled for coal processing 
In such research are of ve-7 cmplex and usually unknown chemical structure. 

cases, labeling w i t h  carbon-14 is precluded since the o n l y  method avaiLable 
for incorporating t h i s  polyvalent isotope I s  chemical synthesis. 
hand, potentially any organlc material can be tagjpd w i t h  tritiua since the 
universally present riionovalent hydrogen is susceptible to Isotopic exchange 
under proper conditions. ! 5 i s  applies to non-descrlpt organic materials as 
wexi as pure cmpounds. 

On the other 

The most Important qualification o f  any labeling method I s  that it 
yields t racers  of chemical structure identical  w i t h  the material being labeled. 
Any prociuction of tagged by-products of altered chemical structure requires 
stringent post-labeling purification before trustworthy tracers would be ob- 
'a ined 

THO general methods of t r i t i u m  taqgfng have been evaluated. Iha 
f i r s t  evaluation vas of the sore familiar Wllzbach method, vhlch Induces 
self-labeling by the beta radiation fran t r i t i u m  ,w in contact Vith the 
material. t o  be tagged. Ranemus d i f f icu l t ies  were found in t h i s  method of 
produci?lg tracers, mostly a r i s i n g  frcm ratiiolysis m g e  to the tracer, as 
w i l l  be pointed out later. 
developent of a new method, based upon a highly reactive t r i t i a t i n g  reagent 
that  promises wide applicability. This l a t t e r  method u t i l l z e s  catalyt ic  
act ivi ty  t o  promote Isotopic exchange of t r i t i u m  in'to the tracer, BS apposed 
t o  the radiation induced exchange of the former m e t h o d  V L t h  ita merent 
molecular Wage. 

Mssatisfaction VLth  the WLlzbach method led to 

30th labellng wthods have been tes ted  on hydrocarbons that typify 
chemical structures expected i n  coal and c o d  derivatives, to provide back- 
ground infomation for tagging these materials. This iss tFu considered an 
Interlm resort, In the sense that much more extensive vork is indicated to 
determine the variety Of compounds, other than hydrocarbons, that can be 

%s work was supported i n  part by the Division of Xsotopes Dewlopmant, ' 
U S .  Atomic Bergy Commission Contract No. AT (30-1) - 2350, Task 11. 
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successfully labeled vith the t r i t i a t i ng  reagent method. It is conceivable 
that this method may be sufficiently universal to apply, not only to a vide 
array of coal and petroleum materials, but also to some phmnaceutical and 
biological ccmtp0und.s. 

acid catalysts to p m o t e  hydrogen isotopic exchange, especiallp w i t h  deuterium, 
the past methods have several disadvantages. Same isotopic exchange i s  ob- 
tained v i t h  powerful inorganic acids as concentrated sulfuric. However, it 
cannot be considered as a generalized isotopic exchange reagent because of un- 
desirable sulfonation reactions vith aromatic compounds. Also, the exchange 
rata is often not very fast. 
temperatures to effect  a reasonable rate of exchange. 
undesirable side reactions as formation of t a r s  and polymers are observed fo r  
arcnnatic hydrocarbons. 

!Chough much vork has been done i n  the past on the use of acids and 

Weaker acids as phosphoric require elevated 
Under these conditions, 

We then considered boron t r i f luoride as catalyst  to promote isOto@c 
exchange, with t r i t i a t e d  phosphoric acid as the t r i t i u m  carrier.  The boron 
t r i f luoride fonns a one-to-one molar camplex vith phosphoric acid and it was 
soon observed that t h i s  complex was a powerful t r i t i a t i ng  reagant, free of 
side product generation fo r  many tes ted  hydrocarbons. 

Experimental Procedures 

General 

Three m e t h o d s  of assay of the specific act ivi tg  of t r i t i u m  in  tagged 
samples were examined. 
i n i t i a l l y .  
Tolberts. 
the.radioactivity of the gasified material determined i n  a gas ion chamber 
a8 described by Tolbert3. The ion current Is measured with an electrometer. 
This method was satisfactory for materials of high activity,  of 100 uc/@ or 
more. It did not have suff ic ient  sensi t ivi ty  for accurate a s s a y  of low 
act ivi t ies  such as 1 to 0.1 u c / g  because of extraneous fluctuating background 
readings. 

The zinc fusion - gas ion chamber method was t r ied  
The method has been described i n  detail by Wilzbach1,2 and by 

!&a t o t a l  sample i s  gasified t o  a mixture of mostly H2 and & and 

The second method t r ied  was direct  l iquid sc in t i l l a t ion  counting of 
A single channel counting apparatus w a s  assembled as described the sample. 

by Hodgson and Gordon4. 
pl ie r  tube (Type 9536A, EMI Electronics Ltd., England) w a s  used i n  a cold box 
a t  - lO°C fo r  sensing the scinti l lat ions.  
consisted of a preamplifier and comnercial scaler. The method was satisfactory 
for  relatively few pure colorless Liquids. 
natural or model campouads, are colored o r  highly quenching i n  the l iquid  scin- 
t i l l a t O D s  and cannot be counted th i s  way. 

A special. low, dark current, l o w  noise photo m u l t i -  

Attached electronic counting apparatus 

Many of our materials, e i ther  

The final method sdopted is applicable to a U  types of or@c pro- 
ducts, including highly colored natural materials. 
been previously recommended by Quinn5 and involves d q f  combustion of the sample 
f a m e d  by Uquid sc in t i l l a t ion  counting of the collected product water by 
vell-established water-counting techniques. The method i s  more rapid than zinc 
fusion, up to 20 samples per day cart be assayed as opposed to about 4 fo r  the 
former method. 

The nethod i s  one that has 

It is  suff ic ient ly  sensit ive f o r  accurate assay of specific 



ac t iv i t i e s  dovn to 0.U uc/gm, 
another order of -tude by use of mre modern dual channel l iquid scip- 
tiyation counters. 

Sensitivity could probably be extended 

To test f o r  radio-chedcal purity of tracers, or conversely, the 

A 
dist r ibut ion o f  t r i t i um w n g  iqpurities and parent tracer, vapor phase 
chromatograghy vas used in the manner described by U e s z  and Uilzbachs. 
sanple is  elutr ia ted thmugh a Perkb-Eher Chrcnnatograph. 
the chromatograph YBS -sed thmugh a t h e w  conductiety cell and a con- 
t3nuous f low ion chamber in series. A ,dual chromatograph w a s  thus obtained,. 
'1Ihe recorded output of the thermal conductivity c e l l  shovs the mass associated 
vith each -Mated peak while the recortiing of the ion chamber current @yes 
the amount of radioactivity associated vith corresponding peaks. 
tagged tracers are of lou activit ies,  belav the sensitivity of the ion-chamber 
detector, 
in i c e  traps and then assayed by combusttap and Uquid scintillation counting. 

?Ihe effluent frcrm 

In some casea, 

In these cases, the elutr ia t tng peaks are. collected individually 

Wilzbach Method 

The W i l z b a ~ h ~ ~ ~ ~ ~ ~ ' , ~  m e a  of Labeking has been ueU described in 
previous Uterature,  It consists of exposing the m a t e r i a l  t o  be tagged to 
several curies af pure tritium gas in a sealed reaction vessel. for s e v e r d  m. 
Trl t ium ex&ange for  bound hydrogen OCQLTS under the! influence of the beta 
radiation from the t r l t i u m .  Unfortunately, besides isotopic excbuge, the 
p a r e n t  compaund undergoes radiolysis such that hieprY tagged side proilucts are 
always produced. 
the t r i t i u m  between the parent unnrodified cmpound and that of the side pro- 
ducts of altered chenical structure. 
matography procedure described above. 
duced by t h i s  sethod w a s  carried out by preparative vapor chrcmatography as 
well as ordinary techniques as micro-distillaffon and crystatllzaffan, 

zlhus, it becomes important to determine the distrihutFan af 

This vas done according to the chm- 
M i c a t i o n  of labeled materials pro- 

The procedure f o r  making and using the phosphoric acid-boron Suafide 
t r i t i a t i n g  reagent is very simple as indicated in W g u e  I. 
water and phosphorus pentoxide are mixed stoichiometrically t o  #ve absolute 
tritiated phosphoric acid. Then boron fluoride gas is buboled in to  the acid 
until it is  saturated (absorption is rapid) which yields a one-toone ratio of 
BF3 t o  acid, forming the complex shown i n  Figure 1. This coaplex reagent is a 
very dense liquid, immiscible w i t h  a l l  hydrocarbons, but soluble i n  organic 
compounds containing oxygen. 
for extended times. 
will lead t o  hydrofluoric acid attack of the glass sufficiently to  dissolve 
through the container. 
as for tagging experiments that extend beyond 2 or 3 days. 
can be used w i t h  the reagent i n  experiments las t ing a day or tvo. 

Firs t ,  tritiated 

?!his reagent m u s t  never be stored in  glassvan 
An Fmperfact seal,  d3.w long water vapor absorption 

- 
Polyethylene ware i s  used for long-term storage as w e l l  

O r d i n a r y  glassware 

The specflic ac t iv i ty  of t r i t i u m  Fn the water used to form the re- 
agent is the primary determinant of the specific act iv i ty of the ultinate tracer 
treated w i t h  the reagent. 
sired, high concentrations of t r i t i um oldde are used in m k i q  the phosphoric 
acids. 

Thus i f  very high specific act ivi ty  tracers are de- 
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To tag BP organic liquid, it is SimBly stirred in  a round-both 
flssk with fihe reagent. 
%e r a t i o  of reagent to material beinq tagged I s  arbitrarg, determined t y  
e t h e r  one wants to transfer most of the t r i t i u z n  In  the reagent t o  the materisl 
or Only a Uttie. 
t l s t i c a l l y  distributed among a l l  exchangeable hydrogen positions, including the 
threa of phosphoric acid. In  t h i s  preUainary vork, ve have used a 2 to 1 mass 
ra t io  of material being tagged t o  reagent. 

S o l i d s  are ground firm and slurr ied vith the reagent. 

A t  e q ~ l l b r i u m ,  the t r i t i u m  atcxas i n  the mixture are sta- 

i 

I 

In tagging of coal and coal extmt, the materia l  vaa f i r s t  ground 
The tagged s d l l d s  were reco-rered 

Ihe cake vas washed three t h e s  via water and M c e  uith I$ 
to -200 mesh before contacting the reagent. 
by filtration. 
NaOE solution and agah with water until neutral. 

After exchange taggin@;, hydrocarbon l l q u i b  as tbluepe are simply n- 

If' the organic material dissolves in the rez,-t, as anisole does, 
covered by ckcantat ioa in a separatory funnel and solids are collected by fil- 
tration. 
then a rev drops of vater  carefully atided t o  the mixture uIU. result i n  s e w  
ration of the orgarric phase for  decanting. The tracer is then vashed several 
m e 8  w i t h  water and dilute sodium bicarbonate to remve all of the reagent apd 
Labile tr i t ium. 

The radio-chemical purity of the t racsrs  produced uith the TE+$04*BFs 
reagent l e  demanstrated by examining for any loss i n  specific act ivi ty  when 
thc tracers are subjected t o  three stages of purification. 
treatea vith sodium to  W n a t e  any labi le  tritium. 'phis i s  followed by frac- 
tianal d i s t i l l a t i a n  and f ina l ly  by preparative chranatography uith discrizi- 
native collection of the single oeak ideutified as the o r i g i n a l  co~pound. 
have found that  these purity t e s t s  are more dependable than the dual radiation- 
mass detection chromatography alone. 

The product i s  firat 

We 

Sol id  materials such as coal extract and coal vere only tested for 
gmss physical changes after tagging, such as melting point. 

Results - 
Evaluation o? the Wilzbach T a d n g  Method 

A series of pltce ammatic hydrocarbons, typical of hydrocarbon types 
found i n  coal hydrogenation oi l s ,  were tagged by the Wilzbach mthad. 
results obtained are given in Table I. Included are the tests for radio- 
& d e a l  purity of the labeled products as determined o w  by vapor phase 
chrmatograg&y uith dual radiation and mass detectors. 
apparent radiolysis -age decreases both with increasing ammaticity and w i t h  
the number of ,%ed rings. In general, the amount of radiolysis daztage seemed 
encouragingly small for high molecular weights. 
m e d  to the tagging of a ser ies  of narrow-boiling fractions of o l l s  derived 
ircnn coal hydmgenation. Boiling points ranged f m n  233 t o  355°C and the oils 
are considered as high molecular weight. 
radiolysis damage was quite small .  
boiYng fractions, the percent tritium i n  side products seen on the dual chro- 
  to graphs w f ive percent or less. 

The 

It is noted that the 

The method was then likewise 

Here a&a, the apparent amount of 
W i t h  the exception of one of the middle 

E[owever, such snomalous results were obtained in experiments vfth the 
Wilzbach tracers, even vith the simple comgounds purified by chmmatography, 
that IXUXW rigurnus examination ai radio-chemlcally purity became imperative. 
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Haphthaleoe vas chosen for a mre stringent inveatlga~on of the 

purity of the Wilzbach tagged material. 
investigation aseared,  by chmmstograljpr, to have even l e se  bgged impuri t ies,  
i.e., 6.3 percent as opposed to 13.1 percent for tihe earlier saruple &om in 
Table I, 
the tritiated naphthdene vas run through a fresh column vfilch w a s  then flu&& 
w i t h  water vapor. 
w i t h  the naphthalene peak, 4% vlth the l i g h t  hydrocarbon isBurfties and 34% YBB 
w e d  aut '~lherefore a t  least 348 of the t r i t i u m u a g  
in unstable radiolysis products that were retained by t b  column, 
the naphthalene c o d &  be o d y  62$ radio-chernically pure. 
ope i3hml.d not pleu radio-chmmatogmphy as a sufficient test a f  radio-ckoical. 
P M t y .  

The nephtsalene newly tagged for this 

Suspecting bo1d-u-p of some radiolysis impuri t ies in the chrciuatop@, 

This revealed that only 625b of the radioactivi.ty Ctutriated 

thr sasequent  vater. 
Thus, at best 

This points out that 

Eext, Uuted, tritiated naphthalens vas nm through a series of purt- 
fications as sham in Table II. 
possibility of labi le  t r i t i u m  in radiolysis iq&ties, that cariLd have t r8n~-  
ferred to  the chrolmrtograpblc packing (Perkin-ELmer 
out by vater. 
drop in specific a c k i v i t y  upon sodium treatment is due to such hydrogen in 
radiolysis impurfties, R e c r y s t n l l r t i o n s  s l o w l y  but def'initdy decreased 
specific acwvifq - Rrrther evidence of radio-chendcal mty. Fraction dis- 
tF lzs t ion  (under -lacum) reduced &astical ly the specific activi.tg of the ceatar 
cut of naphthalene, doM to about a third of the i n i t i d  activitg. Thua dis- 
t i l l a t i o n  reduced the specific act ivi ty  more than chramatoeapky, shoving that 
all that elutr ia tes  w i t h  ihe naphthalene peak fmm the c h r m a t o p p h  is not 
tagged naphthalene. The longer residence time a t  elevated temperatures i n  dis- 
t i l l a t i o n  msy have remove .d unstable radiolysis products, such as by polytceri- 
zation, maldng distillatian a more eff ic ient  purif ier  than chromatography. 'Ehe 
question mark in the last rou of Table II indicates that even after the shovn 
purification schemes, there I s  not absolutc assurance that the naghthaLCne is 
ccmipletely d o - c h e m i c a l l y  pure, 
i n  a de-taggtng isotopic exchange test w i t h  benzene at  380°C resulted in 16.6% 
loss of tritius from the naphthalene, whereas when tritiated naphthalene pro- 
duced chemicallg (ami more Ukely pure) was used under the same conditions, no 
exdwnge lass of tritium vas obserwed, 

The sodium t rea t~~er r t  vas suggested by the 

A) and then be flustred 
Since there is no Labile hydxogen in naphthalene, the obsemed 

In fact ,  using this final tagged naphthalenu 

!Bum, r-s during self-labeUng, pmduces contaminante, i n  trace 
chemical amounts but of very high specific activity, w h i c h  have physical proper- 
ties so c lose ly  resembling the parent campound or SO minute i n  quantity, that 
they are  not distinguished by chmruatopphy and dew all but the moat pains- 
taking purifications w h i c h  may be prohibitively extensive. 
l i t t l e  specific a c t i v i t y  remains in  the purified tracer. 

It follove that but 

We are not alone in these observations of purification problem uiih 
the Wilzbach method, as several others reported i n  late 1960 or  ear ly  lsl. 
c i t e  a few o e r s ,  a group working a t  the university ~ o m e ~  on 8 e - m ~  
of substituted benzenes and i~ Bureau of Mines G m P  that labeled numerous or- 
gauics associated vith gasoline, had both then observed that careful purLficatio?l 
is required. Wilzbachs too has pointed t h i s  out - quote9 "In v i e w  of the number 
of t r i t i a t e d  implL-ities vhich are likely to be present, it- is perheps xwnarfrable 
that radio-chemical purity c80 be achieved for any but the simplest of com- 

To 

p o ~ w ,  unquote, 
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A t  this point, it vas deemed wise to  searcb for  another nethod of 
tritium labeling, for  certainly if simple s i n g l e  coqounds ere  SO d i f f icu l t  
to  obtain radio-chemically pure, it would be pracdce l ly  inpossible t o  cm- 
pletely remove radiolysis contaminaats from complex mixtures derived from 
coal. 

Evaluation of the TBrFQa'3F7 !Paaging Method 

In i t i a l  work was carried out on the evaluation of concentrated sul- 
furic acid as a reagent for  isotopic exchange tagging of t e t r d i n .  This method 
vas abandoned when it was foilnd thet the fomationcf sulfonation products could 
no t  be a7:oided and tagging was rather slow. 
a reazent. 
reasonable tagging rates. 
fo--;led by apparent polymerization reactions, invaliciating t h i s  approach. 

- A l l  subsequent irork was devoted to  the use of the t r i t i a t e d  phosphoric 
scid - boron fldoride con2lex as the tagging reagent. 
t h i s  material was a very powerful t r i t i a t i n g  reagext w h i c h  m-ercones *be de- 
ficiencies outlined above for  other acids, i.e., it i s  both non-destructive and 
fast .  

Phos@oric acid was ne.* t r ied  as 
Zlevated teqera iures  o f  85"c o r  biglber w e r e  required t o  obtain 

A t  these temperatures, by-product materials w e r e  

It w a s  soon found that  

Sone i n i t i a l  resul ts  of tagging witkt t h e  t r i t i a t i n g  reagent are shovn 
in Table III. 
T92?04*BF3 which had a ,?cific acti.iity of 1400 uc/gm, except f o r  a,?isole where 
the r e a p t  had a specific ac t iv i ty  of 380 uc/g .  
was accoqlished i n  less than 8 hours. 
a m a t i c  coqo.mds tag 7 e r j  =pifly as demonstrated by the f i r s t  f ive  l i s t ed  i n  
Table III. 
methylcyclohexane and decalin also t a g  b u t  a t  a lesser  degree. 
d ipha t ics  as exemplified by cyclohexane and n-octme amear not t o  t ag  at all. 
In fact ,  fractional d i s t i l l a t ion  and preparative -hronato=graphy p r a c t i c u y  
elFminates the t r i t i u a  ac t iv i ty  from these two purified aliphatics.  Thus there 
seem to be some select ivi ty  i n  this method of labeling, with preferential label- 
ing of  aromatic hydrogen positions, considerably less for  hydrogen on t e r t ia ry  
carbon atoms an& essent ta l lg  none fo r  non-tertiary alkane hydrosen. 
studies vi11 detemdne #e degree of labeling of o the r  forms of hydrogen as those 
on carbon atoms adjacent to carbonyl group and other chemically activated forms. 

These conpounds were all mixed w i + A  half t h e i r  veight of 

The degree of tagging sham 
It i s  imediately apparent that  the 

The non-aronatics tha t  contain a hyL-o,@a on t e r t i a ry  carbon, namely 
The non-branched 

Future 

The radio-che-dcal purity of the tracers produced with Ti12F04'BF3 is 
demonstrated by coqarison of the last two colizms i n  Table I11 and is indeed 
encouradng. The three purification steps applied were described ear l ier .  The 
purity results, that is the agreement be'ween the l a s t  two colursns in  Table III, 
in3lcate #at essentially all the ti-itim raciioactivity is i n  the radio-chemic- 
pure tracer,  re-overable a t  yields be t te r  '&an ?Of. The small tagging observed 
i n  the l zs t  two coapounds - the non-branched allphatics - i s  attr ibutable to  
chenical impurities or i@nally present before tagging. Tadications are tha t  i n  
most cases, i f  one starts with an absolutoly pure compound, after-purification of 
the tracer is unnecessary and the only reaction that occurs i s  tagging by ex- 
change of t r i t i u m  for  hydrogen. 
the major portion of bound t r i t i u m  i n  radiolysis impurities i n  the Wilzbach 
method. 
(about O.$) of new side products upon treatment w i t h  the tagging reagent. 
These side products are easi ly  distinguished and removable by preparative 

This w a s  xost gratififing as opposed t o  finding 

In conpounds sr idied so  far ,  only isooctane exhibited some fomation 

ChrnElatOrnPhY. 

t 
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It is ateresting to note in Table IEC that c i s  and trans decalln 
do not 
cydohexane solution (IO$) to facFlitate contact with the reagent, 

at identical rates. ALSO note that naphthalene was tagged in 

Sane p r e . l = = - y  kinetic data on tagging w i t h  the TH&Q4'BF3 are 
Figure 2 compares the tam rates of three 

Tbia is  due t o  the molecular electronic dim- 

presented Fn Figures 2 to 5. 
aronatic conpounds under s h i h r  conditions. 
more rapidly than benzene. 
t i o d  i n f l u e n c e  of the substituted groups on the benzene ring vblch activates 

Tetralln and toluene tag much 

artxilatic hyclrogen exdmnge. 

It is seen from Figure 4 that anisole tags men more rapidly than 
tetralln o r  toluene. W s  is in line with the  exqected stronger electrunic 
directional influence of the ether substituted benzene r i q  than the methyl 
substituted ring. 

Figure 3 clea.rly Uustrates the strong temperature d e p m e  of 
tagging rate as observed f o r  benzene. 
accelerated in cases vhich may be relatively slar. 

T.bus tagging to quilibrlum can be 

Attention was then turned to tag- solids, including coal and 
derived products. some results are shown in Fignre 6, 21be extract, 
derived by hot tetralln extraction of a F-lttsburgh Seam mal ( N a n d  bfine) 
is solid a t  the tagging teqerature of 23Oc. 
to the extract is obviously quite low, vhich is at least partls due to the 
fact that it mnst be predcnzdnaut3.y a surface reaction. 
(1- Mine) as shun in Figure 6, tags at au even s-r rate than the 
extract. 
flection o f  more isotopic or molecular dLHuion  in the extract. 

The amount of t r i t i u m  exchange 

The coal itself 

m e  reason for the lover rate is not clear though it may be a re- 

Another sample of Pittsburgh Seam coal, but fram the h t o u r  Eo. 4 
mine, uas used to study the tagging rate Over an extended period of time, Le. ,  
I20 hours. 
to reduce effects of oxidation. The coal also had been extracted with bciling 
methanal. t o  remOve any resinous materials fmn the c o d  particle surface that 
might inhibi t  contact w i t h  the Labeling reagent. 
coal continues to be exchange-labeled over a long p r i o d ,  probably by t r i t i u m  
dLPfusion through the solid coal, The theoretical  U n i t  ( e w e n e d  later) of 
labeling 
pared to only 30 uc/= at ta ined in 120 hours. 

These results are in Figure 7. A fresh sanple of coal  was used 

The results show that the 

of the 4.334 hydrogen content of this c o d  is $5 u c / s  as com- 

Solid naphthalene vas tagged i n  the sane as coal wi"& the results 
also show in Figure 6. 
mqhthalene is tagged in the form of a 1 6  solution in cyclohexane, the t r i t i u m  
exchange is very rapid as is seen i n  Figure 6. 
rate of tagging of coal and extract  is p r h a r i l y  aue to  slow t r l t i u m  m i o n  
through the solid and not necess- connected vlth any deficiency of ex- 
changeable aromatic hydrogen, since the aromatic naphthalene also tags very 
slowly i n  the solid state. 

It tags even more slovly than coal. However, when 

It i s  apparent tha t  the slov 

Discussion 

Products of Wilzbach Tag@% 

It is clear  that the ChmmatOgrapJa is not a sufficient cr i te r ion  for  
radio-chtmical purity of tracers pmduced by the Wilzbach method ~ I W X  m C  
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hydmcarbons. 
naphthalene, for example, are unstable t r i t i u m  addition products rather than the 
desired isotopic exchange products. Sane of these, as d i t r i t i o  derivatives, may 
be unseparable ChrOnatographicaUy fmm naphthalene. Both the lab i le  character 
of the t r i t i u m  as seen by the i r  ease of removal vlth sodium and the suggested 
pomcr iza t ion  in the chrclmatograph (hold-up), vould f i t  the properties of can- 

The results indicate that  many of the tagged products, from 

pounds of t h i s  type. 

It may be concluded that the Wilzbach tagging method I s  unsuitable 
for  the production of re l iable  tracers frcan polycyclic aramatic comgounds. 
Required post-tagging purification is too extensive. 

EquiUbrium !J!a&ng W i t h  the T!EpF04*BF? Reagent 

A postulated mechanism of exchange labellng of an aromat ic  u l t h  the 
reagent was i l lus t ra ted  i n  Flgure 1. 
properties of the complex cause fomation of carbonium ions, accompanied by a 
proportional probability of adding a t r i t i u m  ion to the organic compound. 'Phis 
meta-stable ion can then loose a hydrogen ion, yielding the t r i t i u m  tagged com- 
pound. 

It is llkely that the powerful acidic 

The calculation of the theoretical  limit of tagging 1s based on the 
assumption that a t  equilibrium the tritium is s t a t i s t i ca l ly  distributed between 
all exchangeable hydrogen positions in the canpound being tagged and in the 
phosphoric acid complex. This leads +- the folloving expression for the t racer  
specific act ivi ty  ( S r  
function of i n i t i d  specific ac t iv i ty  of the reagent ( S;: ) J  the weight r a t io  
of tracer t o  reagent ( Wx / W r  ) and the number of exchangeable hydrogen positions 
( M" ) in the tracer. 

) obtained a t  equilibrium, o r  ultimate labeling, as a 

M, is the molecular weight of the t racer  compound. 

6 5 " ~  coincides ve l l  with the theoretical l i m i t  calculated fram Equation (I), 
&ere WX /*r 
long-term tagging studies of benzene have sham that the s a m  e q U b r i u m  specWc 
act ivi ty  i s  reached in 80 hours a t  23°C. 

As seen in Figure 3J  the experimental limit of tagging of benzene at 

= 0.5 and taking MN = 6. Though not given i n  t h i s  figure, 

the 
1.e. 

In Figure 5, it is seen that tagging of toluene at  23*c is approaching 
calculated LFmit af tagging for  f ive hydrogen positions but not for  eight, 

, , a l l  the aromatic positions are being tagged but not those on the methyl 
group. 
hydrogens, then the Limit vould be that  rcalculated for 3 hydrogens. Since t h i s  
is exceeded by the experimental c w e ,  the neta hydrogens must also be tag-, 
but l ikely at a lover rata than the 0-rtho and para types. 

If tagglng were being restr ic ted t o  only the ortho and para aromatic 

S h i l a r l y ,  in Flgnre 2, the results v i th  tetralin shov the experi- 
mental l l m i t  to a- w i t h  the calculated limit for four exchangeable hydrogen 
p ~ i t l o n s  vfrich a@n corresponds t o  tagging of a l l  of the aromatic positions 
d Y .  

\ 
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Anisole tagging, aa sham in Figure 4, a8ai.n IBhaTes lllra a t  of 
toluene, Tha cmparison of exgerimatd. lhdt of w i t h  ttioss calcn- 
l a ted  for 5 or 8 cxdmwe&la b~ydrogens agkis indicates that only the 5 
n a c  hydrogen positions are labeled and not the 3 an the methyl group. 

=mer conclusians c8p be reached fram equilibrium taggFng rrLative 
to  the number of exchsngcable positions by using a large excess Clf trltiating 
m-t. This h~mes the resdation hetveen l e v a  of tam vixz~ dif- 
ferent numbers of exchangeable m g e n  are considered, I 
then equation (1) reduces to the expressioa 

If Wi. >> Wx 

aad the equilibrium specific act iv l ty L3 thus proportional to the rumbar Oi 
-able hydrogens. On the ather hand if WP<( % , thcp t b  spaciflc 
act ivi ty  of the campound becomes independent of Nw , Future vork ufll there- 
fore be carried out to c o n f i n  the nmber of exchangeable positions by the 
use of a large excess af Mtiathg reagent, 

For the wight ratio used in t h i s  prellminarg work, *s /wr = 0.5, 
the equilibrium tagging L i m i t  is not very sensitive t o  the p e r  of ex- 
changeable hydrogen positions. The relative values for SA for toluew 
for  3,  5 and 8 exchangeable positions vith the above veight ra t io  are 
l:l.l:l.l5, vhereas using an excess of reagent would spread the relative 
values of $ to 1-:1,67:2,67. 

pnliminary E n m r f t i ~  of Exchange Reaction Kinetics 

The kinetics of' the isotopic exchange reaction with the tritiattng 
reagent may h e  discussed using the mechanism shova in Figure 1 as 8 basis. 
It may be assumed that  the opposing reaction rates are first order with respect 
to the concentration of the euchaa@;eable hydmgen positions in the t racer  and 
to the concentration of t r i t i u m  in the t r i t i a t i n g  reagent, 
deal ing  w i t h  a two-phase system, absolute rste constants cannot he obtained. 
This is true since the ra te  is undoubtedly a function OS the m m n t  of inter- 
f ac i a l  contact tuea betveen the hydracarbon and the phosphoric acid phasee, 
Meaningful ccxnparatlve rate data can be obtained, hawever, Ff canstant coa- 
ditions agitation ami a constant r a t io  w,/w, is in a s e r i s s  of 
camparable experiments. 

Since we are oftep 

It is known fm prior work on deuterium excbnge that  aromatic 
hydrogens ia different positions relative t o  orienting substituents op the 
benzene r ing  undergo exchange a t  considerably different rates. 
for aropatic exchange cap therefore be written in -zed fom ea 

The rate equation 

Subscript 
specific activfty. 

demtes the various tyBes of exchangeable hyamgap and S -tea 
!&a second tern w the r ight  side of the equation cofiespcmds 
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t o  the retsr&stion effect  of the reverse process, l.e., exchange of t r i t i u m  
iran the cmpound vith hydmgen in the reagent. It is assumed t h a t  the ratio 
of tritium t o  hydrogen is equal in both the reagent and carpound after equillb- 
rim Is established and thua the rate constants of the forvard and back re- 
actIan are equal. 

The integration of q u a t l o n  (2) becanes rather c@x vhen the 
specific ac t iv i ty  of the reagent decreases duTing the cOUZge of the reactiop. 
The initial rate can bet used if desired to obtain a “velghted” average rate 
fo r  all the exchangeable hydrogens 

However, Cue to the Vide variation In ra tes  between differeat ex- 
changeable hydrogens the calculation of such an average rate w o u l d  have Uttle 
significance. 

It is necessary to use the integrated foxn of equation (2) to der~ve 
values for  the Individual rate constants. 
future kinetic data v i l l  be obtained under conrlitions where a large excess of 
reagent‘ls employed, Le., where S,. may be treated as constant. 
of equation (2) beccanes rather s-e under such circumstances and leads to 

To facilitate such integration, 

Integration 

the exp~ssion 

%u@ 110 data were yet taken w i t h  such an excess of reagent, suf- 
f ic ient ly  extensive data w e r e  obtained M benzene t o  permit calculation of 
rate constants in t h i s  particular case without having SJ. constant. Since 
benzene has only one type of hydrogen, integration of equation (2) I s  rather 
sFmple in spite of the f ac t  that 5,.varles vith time under the conditims af 
our W r b e n t s .  !&e result is 

TO derive values of th6 rate constants one merely has to p lo t  thc lo&thmic 
t e n  on the left versus time. Tbis has been done for the benzene rate data 
at various temperatures and the results are glven in Blgure 8. 
st raight  lines were drawn thmugh the data by the method of least squares. 
fit to st raight  h e s  is rather good as seep. 

The best 
The 

For example, the s t a t i s t i ca l ly  



calculated correlation coefPicients ?or the d a t a  at 21 and 45'C are 0,969 
apd 0.m n s p e c t i v ~ ,  me values w rate constants, A ,  8n 

0.16 
2-19 
7.93 

21 
45 
65 
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'5.e apparent activatian energy, calcrrLated fram an Arrhenlug plot 
of only three points of rate canstant VerPUB fzuperature, camrat CLaim im& 
accuracy but y ie lds  a vakre of about 17,700 cal/rwL 

A campartson may be made vitb recent rata data by O l s s d o  on ths 

The rate  constant for the BF3 reagent is greater by 8 factor of 200. 
rate of isotopic exchange between benzene and tritiated 8 ~ $  &SO4 acid at 
25'C. 
The rate constants in heterogeneous systems of this tspe are, of c o m e ,  not 
strictly camparable. Yet, the comparison shovs, a t  l e a s t  q U -  
tatively, the very powerful nature of the I.nG.pO4'RF3 reagent for prautoting 
isotopic exchange. 

Advantages of  the zI&W4*BFs Labellng Method 

Kany advantages of this nev method of labeling vith the tritiating 
reagent, TE2FQ4*BF3, have been demonstrated., as compared t o  the radiation Fn- 
duced self-labeling m e t h o d .  A smm3ary of these follara: 

1. V i r t u E U y  radio-cbemically pun3 trarers, vithaut highly tagged 
side products, are produced in many cases, 
plrrif'icatian required i n  the r a d i a t i ~  method,  
produced. 

in a few hours 89 compared t o  several days by the l a t t e r  method. 

*This obviates the extensive aftar- 
One has more faith in the tracer 

2. It is more mpid. The desired labeling can often be accmplhhed 

3. It is less involved. Ordlnarg chemical laboratory ware vill 
suffice instead of special vacuum trains and gas haadling systems. 

cause it avoids u s k g  &ticurie  amounts of radioactive gas (tritium) w i t h  the 
inherent possibi l i t ies  of leakage in gas handling systems. 

4. It i s  l ess  hazardous from a radiological health standpint, be- 

5. High specific act ivi ty  tracers cazl be produced vhen desired. 
P a c e r  ac t iv i ty  is  easi ly  controlled by the amount of t r i t i u m  one chooses to 
incsrporate i n  the reagent and the ratio of reagent to tracer compound nixed 
for labeling. 
pensive t r i t i a t ed  vater. It i s  a non-volatile Liquid and need not incorporate 
much more tritium than wanted in the final tracer. m e r  specific ac t iv i t ies  
of over a curie p e r  gram can be produced when &esired for experimrntal studies 
that ulll result in high dilutioa 

The tagging reagent i s  very simple to manufacture fmm inex- 

4 

i 
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m 1 e  Is: 

Naphthalene M t i a t e d  by Uilzbach Method 

Purification Treatment 

None 

Ra Treatment of Benzene Solution 

Recrystallization PrOIll Benzene 

Recrystallization From Methanol 

Fractional Distillation 

Complete Purification 

Resultant specific 
A c t i v i t y  (uc/@) 

80.0 

56- Q 
53.9 

50.4 
26. o 

1 



26. 

M t i u m  !tlracers Produced W i t h  T!&2Or =m3 at 23*c 

Labeled c2apJUn d 
Reactian 

'pfme -nm- 
6.0 

6- 5 

5.5 

7.0 

6.0 

6, a 

6.0 

6.0 

6.0 

. 6.0 

6.0 

0.96 
16.3 
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Gamma Rey Viscometer-Denslmter for 
O l l s  a t  High TempersavS and Pressure 

Paul M. Yavoraky and Jane L. Freeman 

Research and Developnent Mvisian 
ConsOUdation coal coulpany 

Library, Pennsylvania 

Introduction 

zhe manufacture or reprocessing of l lquid kydmaubnu derived fmm 
either coal or petroleum often involves high temperatures and pres~ures, notabu 
In hydrogenation o r  reforming units. The accurate design o f  such units, par- 
t icularly the liquid handling syetans, thus  depends heavily upon knowledge of 
the physical properties of the Uquid inventories or oils a t  the rigorous con- 
ditions employed in the u n i t s .  Viscosity and density data for  Uquids at very 
high temperatures and pressures are indeed sparse in the Uterature, for even 
the more familiar Liquids. 
completely unavailable far new products and processes so that the necessary 
data must be obtained directly on the new materiale. 

Such engineering data are almost certain t o  be 

The Instrument described here w a s  developed, in par t icu lar ,  to 
r easu re  the viscosity and density of cOal oila at temperatuRs up to 4 % " ~  
and pressure up to pslg, conditions used for further hydn3gena.tion. 
However, the lnstnmkent is Of widespread interest  since it can be used to 
gain data on any l iquid under extreme conditions. 

Gamma radiation I s  perhaps uniquely applicable to detemine riquid 
properties under such drastic conditiops. 
maintain these conditione precludes th6 use of more conventional measuring 
techniques. 

The necessary heavy equipment to 

A schematic dtagram of the apparatus is @veri in Figure 1. The ar- 
rangement shown is that f o r  viscosity measurements. 

a controlled temperature autoclave that can be maintained under high pressure. 
& u + x U y ,  viscosity is  determined by measuring the falling velocity of a plummet 
i n  the liquid. 
velocity. It consists of tvo vide disc ends connected by a thin stem. 
gamma ray beam traverses the column of1 Uquid. 
the gamma ray beam, the tvo heavy ends absorb much of the beam and the stem ab- 
sorbs but Uttle. Continuously recorded observation of the beam intensity yields 
two deflections and frcin the i r  t ime separation and the s i z e  of the plummet, the 
velocity I s  easily calculalmi. 

The =quid I s  contained 

The special shape of the plumnet facLUtates measurement of the 
The 

As the pliumnet falls through 

The clearance betveen pl.unnnct and Inner w a l l  of the vessel is d, 
of tho order of 5 to 10 thousands of an inch. 
a t  hi& temperatures, i .e.,  to give a falling velocity slow emu@ to bo accurately 

Tb3.s is to suit the lov viscosities 
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CallbratLon 

Bapir lca l  calibratians are used for both ttre vlscodty snd density 

.Sone typical reaponsee obtained on the cormting recorder vbcn caLi- 

-8. 

brating the viscometer are ahovn in 3%- 2. 
vhen the bottom and top of the plumnet paes through tha gama ray beam. Measare- 
rent of time betvaen deflections I s  quite accurateI to three e i m c a u t  flgprae. 
From these primaq data, an empirical calibration o f  v i s c o s i ~  against o b a d  
falling t i m e  (ve loc i ty  can be used if one chooses> is obtained as shown in Fignra 
3. An exceLlent straight line relationship Is ob- on a logarithic plot, 
confilmfng that terminal velocity of the pl.maet is  being observed in tha via- 
comrter. 
velocities o f  falljag bodies. 
obtained by using trichlorocthana, benzene, Prater and tvo 5fiS standard viscosity 
oils at 25'12. Sindlarly callbratfag tvo mom p l u m m e t s  w i t h  larger clearmtcea 
yielda a nsefnl me8s-t range of 0.4 to M,m cp for this viscaneter. 

Rote the vcll-eauged dd lec t i ena  

This is predicted by fundamentdl viscosity relationehips for tendnal 
The five points plotted in this d b x a t i o n  vere 



~ 0 t h  in thc calibrations -a measureiuents vith the vfscomater, the 
bouyancy effects  011 the plummet by l iqu ids  of Werent  densities are cor- 
rected for by 

vhere 

This equation refers all bouyancies to that of vater a t  a density of 1.00, au 
arbi t rar l ly  chosen reference. 
derives from the first order appmxLmation that ths falling time is proportion 
to bouyancy. 
ferent than 1, then the correction is negligible. 

Any other vould serve as vell. 

If the density of the Uquid in the viscometer is not much dii- 

The equation 

As a densitaneter, the apparatus was empirically calibrated by al- 

The transmission, T, is arbitrarlly defined 8s T = C/Co e r a  

t e r n a t i v a  filling it with materials  of kmnm density, namely, air, benzens, 
vater, tricblomethane and carbon tetrachloride apd obselving the gamma ray 
transmission. 
C is the counts per ninute observed for the discriminated gamma beam after 
passing through the f i l l e d  autoclave and CO is the count rate obtained fraa 
a small reference radiation source attached to the scintFUation counter Fn 
fixed gmmetry that can always be dupUcated. T I s  thus put on a cannon baala 
vhich eUminates effects of instrumental sensi t ivi ty  drifts during an e- 
study. As expected, an almost straight Une relatlonahip is obtained for the 
logarithm of transmission versua density as shown in Figure 4. Perfect 
l inear i ty  is not expected because of absorption in the autoclave valls and 
heater. The plummet may remain during densitometer calibration and use. 

Results - 
Sapn exemplary data are glven in Figure 5, an t he  temperature de- 

pendence of viscosity of hi@ molecular veigfit o i l s  obtained by partlal 
hydrogenation of coal. The plots  approxhate the rough empirical h v  for 
Uquid vlscosiw dependence on teuu?ersture, i.e., h g q  + B  T , w h e r e  
A and B a m  constaats. 
pounds as here studied. 
of dsta that c m  be obtained vith t h i s  viscameter; data that a m  U f i c u l t  
to  obtain othervlse. 
data were used to determine throughput rates In reactors containing &d 
ca ta lys t s  a t  np to  450"~. 

Str ic t  Uneari ty  isn't expected for mixtures of cam- 
These results serve here only t o  Fllustrate the type 

In practice, the oils A and B difPer i n  boiling range. 

A correlation s k d y  of the effects of temperature and sure an 
the viscosit ies of uquitis ana vapors vas mute 
the correlation i s  based on l o v  molecular weibt hydrocarbans up to hexane, 
a rough comparison may be made wlth the present data. !I!he correlation is a 
plot of )7/ 

snith B-TT. Though 

vs. reduced pressure (P(P c?tical)  w i t h  a reduced temperature 
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A General Method f o r  the Synthesis of Perdeuterated Hydrocarbons. 
The Syntheses of n-Octane-dl8 and 2,2,4-Trimethylpentane~l8. 

Joseph A, Mxon and. J, W i l l i a m  Marr 

Department of Chemistry, The Pennsylvania State  University, 
University Park, Pennsylvania 

Introduction 

As part of a c o n t w  study of t he  relationship of physical properties t o  
hydrocarbon structure, t he  changes in the  pamperties when deuterium i s  substituted 
for  hydhgen in hydrocarbons have been under scrutiny in t h i s  laboratory. 
bnzene-dg and cyclohexane-dl2 were preparedl and the properties dete1mined~~r3 r 4  
The r e su l t s  were suff ic ient ly  interesting tha t  the syntheses of a perdeuterated 
normal paraffin and a perdeuterated brarxhed-chain paraffin hydrocarbon were under- 
taken. 

Although the l l t e r a t u r e 5 1 ~ ~ 7 r ~  records the preparation of a number of per- 
deuterated hydrocarbons, none of the procedures appeared t o  be satisfactory fo r  
the synthesis of molar quantit ies of perdeuterated aliphatic hydrocarbons i n  the  
c6 t o  Cu molecular weight range, 
broad classes: 

Earller, 

The reported syntheses may be divided into two 

(1) syntheses s tar t ing from available chemical intermediates and UtiUzing 
classical  chemical reactions t o  construct the desired perdeuterated 
molecule. 
pentane48 s t a r t i ng  from calcium carbide by House, Lord and Rao.9 

A n  example of this procedure i s  the synthesis of spiro- 

(2) syntheses starting from a hydrocarbon possessing the same carbon 
skeleton as tha t  desired in the  f i n a l  product and involving exchange 
of the hydrogens of the hydrocarbon with the deuterium atoms In a 
deuterium-containing molecule, eogo D20, D2SO4. The synthesis of 
benzene46 by Ingold and coworkers16 i s  a c l a s s i ca l  example of this 
approach. 

Group (1) syntheses suffer from the fundamental disadvantage tha t  each 
hydrocarbon structural-type r e q d r e s  a U f e r e n t  synthetic route. 
the carbon skeleton of t h e  molecule becomes more complex, t h e  number of synthetic 
steps frequently increases rapidly. 
disadvantages, the present effor t  was confined t o  developing a procedure of t h i s  
type but avoiding the  problems noted below. 

Further, a s  

Since group (2) ro-Utes do not have these 

The exchange of deuterium between deuterosulfuric acid and aromatic hydro- 
carbons proceeds readily at temperatures where no skeletal  changes or other side 
reactions occur t o  any significant exLent. Unfortunately, Kith d p h a t i c  hydro- 
cubons, Setkina and comrkersu  have found t h a t  under mild conditions o n l y  the  
t e r t i a r y  hydrogens are exchanged$ 
ion r e m a n g e m a t s  accompany the exchange.= Similarly, b o n  and Schiesslerl3 

Under forcing conditions the  expected carbonium 

\ 



found that t h e  vapor phase exchange between deuterium d e  and hydrocarbons is I. 

attended by significant cracking and/or isomerization. 

In contrast, Burwell and ~onorkers&~5r16s17 in the i r  c h s s i c a l  study of 
t h e  mechanism of hydrogen exchange observed that t h e  exchange of deuterium gas 
with aliphatic hydrocarbons praceeded rapidly Fn the  vapor phase Over metal cata- 
l y s t s  and was accompanied by l i t t l e  o r  no carbon skeletal  rearrangements. 
procedure suffers onQ from t he  disadvantage that  for  the synthesis of molar 
quantit ies of a C 6  t o  C u  paraffin hydrocarbon extreme4 large volumes (of t he  
order of thousands of l i t e r s  at S T P )  of deuterium must be used, 
laboratory, l ike many others, lacks the  f a c i l i t i e s  for t he  safe handllng and con+ 
pression of large amounts of hydrogen, a scheme involving the  direct  deuterium- 
hydrocarbon exchange but avoiding the  handling of large amounts of deuterium was 
developed. 

! h i s  

Since our 

The ADDaratUS 

Figure 1 is a flow diagram of t h e  apparatus. A complete description of t he  
apparatus and full experimental d e t a i l s  may be found i n  reference 18. 

The principal operations occurring in the system are: 

(1) Hydrogen-deuterium gas i s  continuously circulated through the entira 
apparatus. 

(2) In  the  "deuterator" section t h i s  gas mixed with hydrocarbon vapor passes 
over a pelleted nickel on kieselguhs9 catslyst. 
t ion of deuterium and hydrogen atoms between the gas and the  hydrocarbon 
results,  e.g., 

A s t a t i s t i c a l  distribu- 

The par t i a l ly  deuterated hydrocarbon i s  then separated by condensation 
and the hydrogen-deuterium gas passes t o  the nregeneratorn section. 

(3) Here, the hydrogen-deuterium gas mixed with superheated deuterium oxide 
vapor is passed over t he  nickel  on kieselguhr catalyst. '&e gas i s  re- 
enriched i n  deuterium from the heavy water 

HI) + D20 e HDO + D2 

and a s  the  gases leave t h e  "regenerator" the water i s  separated by 
condensation a l e  t h e  hydrogen-deuterium gas returns t o  t h e  
"deuteratorn section. 
expressed as t20 

Ihe hydrogen-water equilibrium constant can'be 

I 

( 
- 1  

i 

1 
'1 

J 

1 
a 

I 

log IC = - 0,1320 4057 T 

where 
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IS is 1.980 a t  20O0 and decreases a s  the  temperature increases, 
t he  regenerator was maintained at 3000 C. 

Therefore, 

& this technique, the  advantages of both the  deuterium-hydrocarbon and 
deuterium &de-hydrocarbon exchange processes a re  realized without t h e  disadvantages 
of either. Although t h e  hydrocarbon was i n  contact with appmxdmately 1000 l i t e r s  
of deuterium gas during each twenty-four hour period of operation, there  were only 
12 l i t e r s  of gas in the apparatus a t  any given time. 

The apparatus was a l l  glass except for the  circulation pump wfiich consisted of 
Neither t he  deuterium &e nor the  hydrocarbon two counteracting sylphon bellows. 

came in contact with the  pump, 

obtained by passing the  hydrocarbon through the  deuterator only  once per charge of 
heavy water t o  the boiler, the  following procedure was used. Hydrocarbon was fed 
slowly from reservoir A, Figure 1, in to  the  incoming deuterium stream. 
entrance t o  the catalyst chamber the  hydrocarbon was vaporized and the  mixture of 
gases passed over t he  catalyst. 
separated f r o m  the hydrogen by condensation and stored in reservoir C. 
the  heavy water was continuously vaporized in the  boiler, J, passed over the cata- 
4 s t  in the  regenerator, condensed, returned t o  the  boi ler ,  revaporized and SO on. 
Wen a l l  of the hydrocarbon charge had passed from reservoir A t o  reservoir C, it 
was re turnedto  A and a fresh charge of heavy water placed Fn t he  boiler, J. 

Since the maximum t ransfer  of deuterium from heavy water t o  hydrocarbon i s  

A t  t he  

On leaving the  catalyst the hydrocarbon was 
I n  contrast, 

With this procedure the variables which determine the  amouIlt o f  deuterium 
transferred frm the  water t o  the  hydrocarbon per charge of heavy water are: 

(1) rate  of throughput of the  hydrocarbon 
(2) deuterium content of the  entering hydrocarbon 
(3) moles of hydrocarbon passed per cycle 
( 4 )  ra te  of hydrogen-deuterium gas flow 
( 5 )  ra te  of heavy water f l o w  through t h e  regenerator 
( 6 )  moles of water in the  boi le r  
(7) deuterium content of the  water. 

Since the  temperature and the rates  of throughput of hydrocarbon, hydrogen- 
deuterium gas and water vapor can be so adjusted tha t  t he  H-D exchange equilibria 
a re  continuously maintained i n  the  deuterator and regenerator catalyst  chambers, 
it i s  possible t o  express the  ra te  of decrease of the  deuterium concentration of 
t he  water with time a s  a Function of the variables l i s t e d  above.18 The differen- 
t i a l  equation was integrated t o  yield: 

where 

t = time f o r  passage of t he  complete hydrocarbon charge thr- the  

K = a constant [Hq = concentration of deuterium in the  hydrocarbon (expressed a s  the  

E20&&] = concentration of deuterium in  t h e  water a t  t he  start (a- 

[D20end = concentration of deuterium atcrms i n  the  water a t  t he  comple- 

deuterator (time of one ncyclen) 

f ract ion of the  H + D atoms that were D) at the  beginning of t he  
cycle . 

pressed as  the fract ion of the  H + D atoms that were D) 

t i on  of the  cycle (expressed as the  f rac t ion  of t h e  H + D atoms tha t  
were D). 
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me last w i t 7  is the  o w  unknown and once it is calcuLated from t h e  equa- 

t i o n  the number of deuterium atoms transferred frat the water t o  the hydrocarbon cam 
be obtained easily. 
given amount of a hydrocarbon of a given deuterium content may be predicted, 

Thus, the  number of equilibrations (or cycles) t o  obtain any 

n-Oct ane-dm 

Using the  nickel on kieselguhr catalyst  and a deuterator temperatare of 115- 

The hydrocarbon was cycled over the catalyst  nine times, a fresh 
130°, approAmately 100 g. of n-octane-dl8 were synthesized from Phillips Research 
Grade n-octane. 
charge of  heavy water being used f o r  each cycle. The f i n a l  deuterocarbon was frac- 
t ional ly  d i s t i l l e d  (U fractions) and the fractions analyzed by vapor phase chroma- 
tography. 
products of cracking and isomerizationo 
resulted from cracking or isomerization of n-octane uonld be larer boiling, 

As shown i n  Table r9 the first fraction contained essentially a l l  the  
This was expected since any product which 

Table I 

Impurity Concentrations in n-Octane-d18 

Concentration of Impnrity bncentr i t ion in the  
in the  Fraction "Crude" Product 

Fraction (% by weiizht) ($ by weight) 

1 10 0.2 
2 0-2 0001 

3-13 not detectable < 00001 
(OeO2 

T o t a l  -- 
The isotopic concentrations in  fractions 3-13, as  obtained by density deter- 

mination, uere 99-u D, 0.9% H. 

An attempt was made t o  synthesize 2 , 2 , 4 - t r i m e t h y l p e n t a 4 ~  by the  procedure 
used for the  synthesis of n-octane-dlg. With the  same ra te  o f  hydrocarbon feed t o  
the catalyst ,  the product from the f i r s t  cycle had approximately 30% of the expected 
deuterium content, Two more cycles through the apparatus d id  not appreciably 
increase the deuterium content of the hydrocarbon.. 

The lack of equilibration was due probably t o  the phenomenon descrfbed by 
Bun?eU,4,15 L e a ,  that  complete equFllbration between deuterium and a hydrocarbon 
molecule on a catalyst surface w i l l  not take place past a qaartemary carbon atam. 
The quarternary carbon atom i n  2,2,l+-trimethylpentane has attached t o  it a 2-methyl- 
propyl group and three methyl groups. Should the  Z-methylpropyl group be c h d -  
sorbed on the catalyst surface one- of t h e  hydrogen atoms i n  the hydrocarbon 
molecule w i l l  equilibrate with deuterium and the deuterium content Uill be half 
that produced by an equivalent chemisorption of n-octane and deuterium. However, 
chemisorption of the hydrocarbon molecule via a methyl group (the probability of 
this event is 0.5, on the basis of the hydrogen atoms accessible t o  the catalyst) 
will f ie ld a deuterium content one-eighteenth that  produced by the equivalent 
chemisorption of n-octane and deuterium, 

An attempt was made t o  prodrlce equilibration by raising the temperature of the 
catalyst  chamber. 
adsorption-desorption of the hydrocarbon on the catalyst surface, but the  tempera- 
tu re  increase wculd also increase the probability of a methylene type adsorption 

N o t  only  would complete equilibration be favored by more frequent 
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suggested by both Burwells and KemballOa Such adsorption would by its nature in- 
crease the deuterium content of t h e  molecule. 

EquiUbrium between deuterium and the hydrocarbon was approached r a p l d b  i n  
t h e  181-1950 range but was accconpanied by extensive cracldng and isomerization. 
A temperature of 154-1640 was used as a compromise between a rapid reaction wlth 
eXtandve production of impurities and a very slow reaction without. 

2,2,4-trimethylpentane in the  deuterator at this temperature was 0.3, whereas the  
equivalent value f o r  n-octane was 2, 
t h e  products from t h e  deuterator and depended, in  the  case of 2,2,4-trimethyl- 
pentane, on t h e  residence time on t h e  catalyst ,  

Ihe apparent mequillbrium constantm of the  reaction between deuterium gas and 

These valnes were obtained by analysis of 

Table II 

Impurity Concentrations in 2,2,4-Trimethylpentane-i8 

Concentration of Impurity 
Fn the Fraction Concentration in the 
($ by w e i h t )  "Crude" Froduct 

Fraction Cracidng Isomerization (% by w e i h t  ) 

7 55 

3 1,6 
4 0.1 

'5-9 <0,02 
10 < 0.02 
LL < 0.02 

residue < 0,02 

2\ 10 
c 0.02 
c 0.02 
4 0002 
< 0.02 
<0,02 

002 
3 02 
5.3 

1.2 
0.28 
0.074 
0.0082 

0.017 
0.024 
0.11 

4 0 002 

Total ~-1.8 
Three isomer impurity peaks were obtained in t he  vapor phase chromatogram. 

The t o t a l  concentration of a l l  
As t he  retention times of two  of the  pairs  of octane isomers are almost identical ,  
these three peaks could-be due t o  f i v e  isomers, 
isomers i n  the or iginal  deuterated product is  believed t o  be l e s s  than 0.2% as 
based on chromatographic r e su l t s  on the fractionated material, Ihe major impurity 
i s  probably a deuterated 2,4&ethylhexaue or 2,5-dimethylhexane. Two other 
isomers, formed Fn concentrations approxbately one-tenth those of the major 
impurity, were 2,2-dimethylhexane and ei ther  3,3&ethylhexane and/or 2,2,3- 
trimethylpentane, 

Disti l lat ion fractions 5-9 had no isomerization and crackhg impurities 
detectable by vapor phase chromatography and were taken as high-purity deuterated 
2,2,4-trimethylpentanee 'he vapor phase chromatography r e su l t s  indicate tha t  the 
carbon skeleton of this material is more than 9909$ 2,2,4-trimethylpentane. As 
determined by density measurements, the isotopic ptnlty of t he  f h a l  product is 
9704% D e  

In conclusion, it should be emphasized that  the problem of extremely slow 
equifibration observed with 2,2,4-trimethylpentane i s  probably confined t o  molecules 
possessing quarternary carbon atoms. 
phatic hydrocarbons w i l l  behave in a fashion very similar t o  t ha t  of n-octane, 

It i s  expected that  all other types of all- 
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EFFECT OF NUCLEAR IRRADIATION 
ON THE ACTIVITY OF 

IRON METHANATION CATALYSTS 

H. L. Feldkirchner and D. V. ilniebes 

I n s t i t u t e  of G a s  Technology 
Chicago 16, I l l i n o i s  

INTRODUCTION 

A s  pa r t  of a program t o  determine the place of nuclear ener- 
gy and r e l a t ed  technolorn in  the u t i l i t y  gas industry, reports  
were prepared for the  G a s  Operations Research Committee of the 
American Gas Association by the Vitro Corporation of America and 
Arthur D. L i t i l e ,  Inc. ,  on the f e a s i b i l i t y  of specif ic  nuclear 
applications.  The L i t t l e  report ,  lo "Effects of Radiant  Energy 
on the Synthesis of Gaseous Fuels," suggested three subjects fo r  
experimental study: 1) i r r ad ia t ion  of ca t a lys t s  pr ior  t o  use, 
w i t h  the  ob.jective o f  enhancing t h e i r  a c t i v i t  f o r  desirable 
reactions b producing c r y s t a l  disorders and& inducing, radio- 
ac t iv i ty ,  27 , i r r ad ia t ion  of ca t a lys t s  during use t o  a t t a i n  ob- 
ject ives  s i m i l a r  t o  1 above, and t o  possibly e f f ec t  beneficial  
radiochemical reactions,  and 3 )  use of high-frequency discharges 
o r  other radiat ion t o  produce gas-phase reactions in  the absence 
of catalysts .  

i n i t i a t e d  at the I n s t i t u t e  of G a s  Technologg in  January 1958 t o  
investigate the e f f e c t s  of nuclear i r r ad ia t ion  on the a c t i v i t y  
and se l ec t iv i ty  of i ron  methanation catalysts .  

Bombardment of s o l i d  materials by nuclear radiat ion is known 
t o  produce a number o f  physical changes commonly cal led "defects". 
A description of :he nature of these defects has been given by 
Dienes, Harwood, and others.  Gamma rays, when losing t h e i r  
energy by absorption i n  a sol id ,  produce primarily three e f f ec t s :  
the photoelectric e f f ec t ,  the Compton e f f ec t ,  and positron-electron 
pair  production. In addition, gamma radiat ion has been observed 
t o  produce displaced atoms in  sol ids ,  but t h i s  e f f ec t  i s  v e r y  
small. Heavier pa r t i c l e s ,  such as neutrons, i n f l i c t  more serious 
damage t o  a solid.  Neutron bombardment may result in c r y s t a l  
l a t t i c e  defects, neutron capture, e ject ion of a charged pa r t i c l e ,  
or nuclear f i s s ion .  
produced which include vacancies, i n t e r s t i t i a l  atoms, and i m -  
purity atoms. Other e f f e c t s  observed a re  replacement col l is ions,  
thermal spikes, and displacement spikes. Fission of an atomic 
nucleus o r  neutron czpture, which r e s u l t  from impact w i t h  neutrons, 
produce isotopes o r  new elements. 

A specif ic  study based on t h e  f i r s t  of these suggestions was 

Several types of l a t t i c e  defects may be 



A 1 1  of the r ad ia t ion  e f f e c t s  described a re  similar i n  t h a t  
they affect  the electronic  configuration i n  solids.  Although 
much work has been done t o  relate tge electronic  s t ruc tu re  of 
sol ids  t o  t h e i r  c a t a l y t i c  behavior, most work has been concerned 
with electronic  e f f e c t s  r e l a t ed  t o  factors  other than those due 
t o  nuclear i r r ad ia t ion .  Only a few invest igators  have studied 
the e f f ec t s  of nuclear i r r ad ia t ion ,  primarily X-ray and gamma-ray, 
on catalyst  behavior. Depending on the ca t a ly t i c  system invest i -  
gated, nuclear i r r a d i a t i o n  has been observed t o  r e s u l t  i n  an in- 
crecse in a c t i v i t y  in some cases, and a decrease in others.  

The work of Clarke and Gibson' w i t h  the Fischer-Tropsch 
reaction i s  of special  i n t e r e s t  i n  r e l a t i o n  t o  the present 
methanation study. They observed s ignif icant  increases i n  the 
ac t iv i ty  of i ron mill scale  ca t a lys t s  which had been t r ea t ed  be- 
fore reduction with l t o  5 x lo7 roentgens 
The increased a c t i v i t y  pers is ted f o r  the durations of t h e i r  t e s t s ,  
which ranged from 4 8  t o  300 hours. 
pa r t i c l e  s i ze  was established, with increases in a c t i v i t y  varyFng 
from n i l  with 400- t o  600-micron pa r t i c l e s ,  t o  40 t o  60 percent 
with 0.2- t o  5-micron pa r t i c l e s .  These investigators a l so  report  
t ha t  no change i n  catalyst  a c t i v i t y  was obtained i n  a test w i t h  
a neutron-irradiated catalyst  of large p a r t i c l e  s i ze  (1.2 t o  
2.4 mm.) . 

An extensive A.G.A.-sponsored study of the methanation 
process has been underway at  the I n s t i t u t e  f o r  some time, in  
which a highly ac t ive  Raney nic$el catalyst  has been brought t o  
advanced stages of development. " Several types of i r o n  cata- 
l y s t s  had been studied earlier, but their use in  the  dqelopment 
of the methanation process w a s  abandoned, since it w a s  not possi- 
ble t o  overcome the tendency of these ca t a lys t s  to cause high 
r a t e s  of carbon formation a t  the severe operating conditions 
favoring methane production. l2 Results similar t o  those obtained 
at the I n s t i t u t e  with i ron methanation ca t a lys t s  have a l so  been 
obtained by other invest igators ,  pr incipal iy  the  U.S. Bureau of 
Mines' and the B r i t i s h  G a s  Research Bcard. 

cated tha t  improvement i n  i ron catalyst  properties may be feasi-  
ble by use of a sui table  i r r ad ia t ion  procedure. 
a c t i v i t y  f o r  methane production i n  the absence of carbon deposition 
and higher hydrocarbon formation could be achieved by such treat- 
ment, advantage could then be taken of the high sulfur resis tance 
and low cost of i ron  catalysts .  This m i g h t  m a k e  these catalysts  
a t t r ac t ive  a l t e rna te s  t o  the  presently used nickel ca t a lys t .  
Cobalt ca t a lys t s ,  which have many properties similar t o  those of 
i ron catalysts ,  might a l so  benefit  from i r r ad ia t ion .  

of  gamma radiat ion.  

A considerable e f f ec t  of 

The favorable r e s u l t s  obtained by Cla rke  and Gibson indi- 

If  su f f i c i en t  

EQUIPMENT AND PROCEIXTRES 

Three types of i ron catalyst  were used i n  t h i s  study. 
skeletal  i r o n  ca t a lys t  was prepared by part 'ial caust ic  leaching 
of a crushed, 5@ aluminum-5@ iron Raney alloy. A ca t a ly t i ca l ly  
active reducsd i ron  surface was prepared on National Controlled 
"T" chi l led i r o n  shot obtained from the National Metal Abrasives 
Compang. Commercial ammonia synthesis catalyst ,  sold under the 

A 
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designation of Aero Catalyst FM-2 by the American Cyanemid Company, 
was also used. 

Gamma i r r ad ia t ion  of  ca t a lys t s  w a s  done in the H i g h  Level 
I r r ad ia t ion  F a c i l i t y  of Argonne National Laboratory. 
f o r  each batch was 10’ roentgens at an intensi ty  of approximately 
lo4 roentgens per minute. Both i r r ad ia t ed  and unirradiated Raney 
i ron  ca t a lys t s  were s tored at O’F. t o  minimize annealing. 
ca t a lys t s  were s tored at  room temperature. The maximum time 
elapsed between i r r a d i a t i o n  and use did not exceed one week f o r  
t he  ca t a lys t s  stored at  room temperature, and w a s  less than one 
month f o r  the r e f r ige ra t ed  samples. 

u t i l i z e d  for  the neutron i r radiat ions.  Total  dosage f o r  each 
sample w a s  approximately ioL9 neutrons per  sq. cm. at a neutron 
f lux  of about 2 x lo’= neutrons per sq. cm.-sec. Lrradiated 
samples were stored before use a t  room temperature f o r  approxi- 
mately one month, t o  allow the l eve l  o f  induced radioact ivi ty  t o  
decay t o  a safe value. 

Catalyst Testing Apparatus 

were made with fluid-bed u n i t s ,  but the reproducibil i ty obtained 
with this equipment w a s  not sufficient to  permit accurate m e a s -  
urement of changes in ca ta lys t  a c t i v i t y  caused by gamma irradia- 
t ion.  A fixed-bed r eac to r  w a s  therefore constructed and used 
f o r  a l l  subsequent t e s t s .  
are shown in  Figure 1. 

Figure 1, was constructed i n  duplicate, except f o r  the purif ica-  
t i o n  section, t o  permit simultaneous t e s t i n g  of unirradiated and 
irradiated catalysts .  Each reactor consisted of an 18-in. high 
pyrex ca t a lys t  section, 30 m. O.D. by 26.4 mm. I .D . ,  surmounted 
by a 103-m. O.D. by 15-in. high catalyst  separation zone. A 
6-in. long by 25-mm. O.D. section below the catalyst  section, 
packed w i t h  3-m. O.D. pgrex tubing, served as an inlet gas pre- 
heater.  A porous g l a s s  disk separated the preheat and catalyst  
sections, and acted as a catalyst  bed support and a feed gas 
d i s t r ibu to r .  Product gas was withdrawn through an 8-in. long, 
tubular, porous g l a s s  f i l t e r  which retained the catalyst  fines. 
The reactor  and preheat sect ion were completely enclosed i n  a 
single Hevi Duty e l e c t r i c  furnace. Temperatures were measured 
with f i v e  20-ga. chromel-alumel thermocouples inserted i n  a 
10-m. O.D. thermowell axially located in  the reactor.  Power t o  
the e l e c t r i c  furnace was controlled manually. 

Synthesis gas and purge nitrogen were fed from high-pressure 
cylinders through act ivated carbon t o  remove sulfur compounds. 
Dry t e s t  meters were used fo r  metering of feed gases, and wet 
t e s t  meters fo r  t he  product gases. 

same as the fluid-bed, except f o r  the r e a c t w  i t s e l f ,  shown at 
the r i g h t  i n  Figure 1. The reactor  consisted of a 16-3/4 in. 
long, 1-1/2 in. IPS, Schedule 80,  s t a in l e s s  s t e e l  pipe press- 
f i t t ed  i n t o  a 12-in. long by 5-in. O.D. aluminum bronze block. 

Total  dosage 

Other 

The CP-5 Nuclear Reactor at Argonne National Laboratory w a s  

Both f luid-  and fixed-bed reactors were used. I n i t i a l  tests 

Flow diagrams of both types of reactors  

Fluid-Bed Unit. The fluid-bed uni t ,  as shown on t H e  left in 

Fixed-Bed Unit. The fixed-bed unit was  e s sen t i a l ly  the 

I 
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The block was sp i r a l ly  wrapped with resis tance heating w i r e s .  A 
3/8-in. O.D. ,2O-ga. s ta in less  s t e e l  thermowell was mounted 
ax ia l ly  i n  the reactor  and extended its full length.  Feed gases 
entered at the  top of the reactor  and flowed downward through 
the ca ta lys t  bed. 
ty-pe 304 s t a in l e s s  s t e e l  screens. The space above the catalyst  
bed was packed w i t h  reagent grade copper shot t o  f a c i l i t a t e  inlet 
gas preheating. 
-18, + 20 mesh s ize ,  refined glass  beads instead of copper shot 
t o  minimize heat losses.  The bottom o f  the reac tor  was flanged 
t o  f a c i l i t a t e  catalyst  charging. 

When radioactive ca ta lys t s  were tes ted,  a thin s t a in l e s s  
s t e e l  l i ne r  w a s  used t o  prevent reactor  contamination. The liner, 
which w a s  16 in. long, 1.375 in .  O.D. and 1.278 in. I . D . ,  was 
closed at the bottom by a perforated s t a in l e s s  s t e e l  p la te ,  and 
w a s  held in the  reactor  by means of a 1-in. long threaded section 
at  i t s  top. 

Synthesis gas consisting of hydrogen and 
carbon monoxide i n  a 3:l mole r a t i o  w a s  purchased i n  high-pressure 
cylinders. E lec t ro ly t ic  grade hydrogen was blended w i t h  t h i s  
mixture for  tests in which higher H&O ratios were used f o r  the  
feed. Feed and product gas compositions were determined by mass 
spectrometer. 

W i t h  a l l  of the ca ta lys t s  studied, some preliminary treatment 
was required after the catalyst  sample was placed i n  the reactor 
and before the methanation t e s t  w a s  s ta r ted .  
were reduced i n  the catalyst  -preparation procedure and t ransferred 
t o  the reactor  under methanol. The bed w a s  then heated and a 
stream of nitrogen was passed through it, t o  thoroughly dry the 
catalyst  p r ior  t o  the methanation test. Iron shot and ammonia 
synthesis ca ta lys t s  weqe charged t o  the  reactor  i n  the oxidized 
state and were reduced with hydrogen pr ior  t o  the methanation 
tests. 

f lu id-  and fixed-bed un i t s  except fo r  the s i z e  of ca ta lys t  sam- 
ples, and gas flow ra tes .  
charge was approximtely 100 C.C.,OCCU ying about 11 in .  of the 
reactor height when fluidized. 
volume of 30 c.c., w a s  used i n  the fixed-bed reactor  tests on 
gamma-irradiated Raney and ammonia synthesis ca ta lys t s .  In tests 
of neutron-irradiated ammonia synthesis ca ta lys t ,  where the 
reactor l i n e r  w a s  used, the depth of the 30 C.C .  sample was 
1-9/16 in.  
t e s t s  with i ron shot because of i t s  low ac t iv i ty .  

The bed w a s  canfined between two 24-mesh 

The lower par t  of the reactor w a s  packed with 

Test Procedures. 

The Raney ca ta lys t s  

There was l i t t l e  difference i n  test procedure between the 

I n  the fluid-bed reactor ,  the catalyst  

A 1-&in. deep bed, w i t h  a 

A 100 C . C .  , 3-3/4 in. deep, bed was required f o r  the 

DISCUSSION 

Operating conditions fo r  evaluation of the relative methana- 
t i o n  ac t iv i ty  of i r rad ia ted  and unirradiated i ron catalyst  samples 
were limited t o  a narrow range because 1) iron ca t a lys t s  have a 
Lower a c t i v i t y  for  the methanation react ion than nickel  catalysts ,  
2) methane formation i s  g-eat ly  exceeded b higher hydrocarbon 
formation at the lower temperatures, and 37 methane formation is 
accompanied by considerable carbon formation at the higher 



46. 

temperatures. 
tests, since rapid buildup of carbon on the catalyst  surface made 
detection of changes i n  ca ta lys t  performance resu l t ing  from other 
causes, such as i r rad ia t ion ,  exceedingly d i f f i cu l t .  Under some 
conditions, carbon deposition was so severe that the ca ta lys t  bed 
w a s  almost completely blocked t o  gas flow. 
experimentally t o  be impractical ,for this reason, t o  feed synthesis 
gas having a hydrogen t o  carbon monoxide r a t i o  of l e s s  than 6:l 
t o  the fixed-bed reactor ,  o r  l e s s  than 9 : l  t o  the fluid-bed 
reactor.  
lasge concentrat ions of excess hydrogen, which is undesirable in 
the methanation process, but should not a f fec t  the va l id i ty  of 
the ac t iv i ty  t e s t s .  Although other investigators have shown that  
steam di lu t ion  can be  used effect ively t o  control carbon deposi- 
t ion ,  steam feed was not p rac t i ca l  in  these t e s t s  because o f  
possible reduction of the already low carbon monoxide content by 
the water-gas shif t  react ion.  

Since increases i n  ca ta lys t  temperature w i l l  '1) increase 
cmbon deposition, 2)  increase the r a t e  of m3thane formation, and 
3) decrease the  equilibrium methane concentration in the  product 
gas, the selection of a sui table  temperature level, was of major 
importance. Reactor temperatures (and thus catalyst  a c t i v i t i e s )  
were kept as low as possible within the l imits  o f  accurate gas 
flow and gas composition measurements. 
w a s  par t icular ly  inf lex ib le  in  t h i s  respect,  since gas velocity 
had t o  be maintained w i t h i n  nasrow limits t o  keep the ca ta lys t  
f luidized. Therefore, l o w  catalyst  a c t i v i t y  could not be  inde- 
pendently compensated by a low synthesis gas space velocity t o  
obtain a specific degree of carbon monoxide conversian. 

Effects of G a m a  I r rad ia t ion  

To determine the e f f e c t  of pr ior  garma i r rad ia t ion  of the  
catalyst  on the conversion of carbon monoxide t o  methane, condi- 
t ions of  synthesis gas space velocity and catalyst  bed temperature 
were selected f o r  each type of catalyst  t es ted  so tha t  the r e su l t -  
ing product gas composition was considerably removed from the 
equilibrium value. 
i r radiated and control-samples from the same catalyst  batch at 
equal operating conditions. Differences i n  catalyst  ac t iv i ty  
were noted by comparison of the methane-equivalent space-time 
yields  ( the  r a t e  of production per un i t  volume o f  ca ta lys t  o f  the 
t o t a l  gaseous hydrocarbons times their  average carbon number) 
from each se t  of tests. 

Results of three runs made with Raney i ron catalyst  i n  t he  
fluid-bed methanation uni t  are given in  Table 1. In these t e s t a  
a space velocity of approximately 1000 SCF (standard cubic foot 
of gas a t  60°F., 30 in.  Hg, saturated w i t h  water vapor) per cubic 
foot of catalyst  per  hour was  employed, w i t h  a 9.5-9.7:l.O H2/C0 
r a t i o  synthesis gas. The reactor  temperature w a s  maintained at 
500°F. Under these conditions, carbon recovery as gaseous 
products varied between 72 and 93 w t .  $, corresponding t o  carbon 
deposition on the ca ta lys t  between 7 and 17 w t .  $ of the carbon fed. 

Carbon deposition was most detrimental in  these 

It w a s  determined 

The resu l t ing  product gases consequently contained 

The fluid-bed reactor  

Se ts  of comparison t e s t s  were made with 
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Table 1. -FLUID-BED REACTOR TESTS 
WITH RANEY I R O N  CATALYST (75% ALUMINUM CONVERSION) 

R u n  No. 
Reactor No. 

13 
1 2 
- 1 2 A  12B 

2 
- 

Catalyst No. 6A 6A 6B 
Catalyst Treatment Control Control I r radiated 

Methanebigher 

Methane Equivalent Space-Time 

Carbon Recovery, w t .  % 133 a5 93 

Hydrocarbon Mole R a t  i o  2 .o 2 . 1  2.2 

Yield, SCF/cu. f t .  cat .-hr.  32 1 9  64 

The r e s u l t s  of these t e a t s ,  which were made w i t h  samples 
from the same catalyst  batch, indicate  t h a t  the gamma-irradiated 
catalyst  produced more than twice as much methane equivalent per 
uni t  of catalyst  and time as the unirradiated ca t a lys t .  However, 
no firm conclusions could be j u s t i f i e d  regarding the actual  degree 
of catalyst  improvement, because of the l imited reproducibil i ty 
of r e s u l t s  from the fluid-bed r eac to r .  The poor reproducibi l i ty  
was a t t r i bu ted  t o  the large number o f  operating var iables  (not 
necessarily r e l a t ed  t o  in t r in s i c  catalyst  a c t i v i t y )  which could 
not be controlled within su f f i c i en t ly  narrow l i m i t s .  Control of 
temperature gradients i n  the bed w a s  especially d i f f i c u l t .  

To minimize the e f f ec t  of extraneous var iables  i n  the meth- 
anation test  procedure, fur ther  comparisons between i r radiated 
and unirradiated catalyst  were made i n  the fixed-bed reactor.  
In addition t o  bet ter  control of process v a r i a b l e s  w i t h  the  
f ixed-bed u n i t ,  the elimination of f l u id i za t ion  requirements made 
possible the select ion of catalyst  p a r t i c l e  s i z e ,  sample size, 
bed temperature, and space veloci ty  t o  give the desired degree 
of conversion w i t h  catalysts  having widely different  a c t i v i t i e s ,  
without a l t e r a t i o n  of the reactor  or feed and product gas t r a i n s .  

The r e s u l t s  of three runs made w i t h  Raney i ron  catalyst  i n  
the fixed-bed reactor  are  given i n  Table 2. This catalyst  
differed from that used i n  the fluid-bed tes ts  i n  pa r t i c l e  s i ze  
range, and i n  tha t  only 3% of the aluminum w a s  reacted during 
catalyst  act ivat ion,  as compred with 75% with the fluid-bed 
catalysts  . 

Table 2. -FIXED-BED REACTOR TESTS 
WITH RANEX I R O N  CATALYST ( 3 @  ALUMINUM CONVERSION) 

Run No. 
Catalvst No. 
Catalbt Treatment 

19 16 -mi I'3B 
24 

-E- 
Control I r r ad ia t ed  A l l &  

I r r ad ik t  ed 
Carbon Recovery, w t .  4'0 86 88 88 
Me thanebigher  

Me thane Equivalent Space -T ime 
Hydrocarbon Mole R a t  i o  , 5.2 4.6 3 . 2  

Yiqld, SCF/cu. f t  . cat  .-hr. 41 46 39 



48. 

Runs 16 and 19 were made with i r radiated a i d  unirradiated 
samples, respectively. R u n  24 was made with a catalyst  preparec! 
from Raney al loy which had been i r r ad ia t ed  pr ior  t o  catalyst  
act ivat ion,  i n  contrast t o  i r r ad ia t ion  of the activated catalyst  
in each of the other Raney catalyst  tests. A feed gas space 
veloci ty  of approx*mately 2000 SCF/cu. f t .  catalyst-hr of 
6.4-6.9:l.O H2/C0 synthesis gas was employed, w i t h  a catalyst  bed 
temperature of 700°F. Carbon recovery as gaseous products ranged 
between 86 and 88 w t .  5 a t  these conditions. 
s u l t s  from R u n s  16 and 24  with those from R u n  19, it can be seen 
t h a t  the methane-equivalent space-t b e  y i e ld  was  about 12% higher 
w i t h  the irradiated ca t a lys t ,  whereas it w a s  about 5$ lower when 
the Raney al loy was i r r ad ia t ed  p r io r  t o  catalyst  activation. 
These var ia t ions i n  ca t a lys t  a c t i v i t y  a re  r e l a t ive ly  small, and 
approach in  magnitude the reproducibi l i ty  of the t e s t .  However, 
t he  increase in the a c t i v i t y  o f  t h e  irradiated Raney i ron catalyst  
w a s  consistent with the r e s u l t s  obtained e a r l i e r  in  fluid-bed 
operat ion. 

l e v e l  of ac t iv i ty  of t h i s  ca t a lys t  was so low, and concentrations 
of hydrocarbons in the product gas were so small, that  no signif-  
icance could be placed on the  comparative data from these runs. 

ammonia synthesis catalyst ,  which had a l eve l  of ac t iv i ty  com- 
parable with tha t  of Raney i r o n .  Test conditions were the same 
as those f o r  the fixed-bed t e s t s  with Raney iron, except t h a t  the 
catalyst  bed temperature w a s  maintained at  500'F. A s  shown in 
Table 3 ,  an increase of approximately lC$ i n  methane-equivalent 
space-time y ie ld  was observed w i t h  the ganuna-irradiated sample; 
t h i s  i s  similar t o  the increase found with Raney iron. 

mechanism was signif icant ly  affected by pr ior  gamma i r r ad ia t ion  
of t he  ca t a lys t .  Carbon deposition and d i s t r ibu t ion  of  products 
between methane and higher molecular weight hydrocarbons did not 
vary i n  any systematic manner which could be a t t r i bu ted  t o  cata- 
l y s t  i r radiat ion.  A l l  of t h e  t e s t s  were of short duration, so 
i t  could not be deternined whether the i n i t i a l  e f f ec t s  observed 
would p e r s i s t  with longer use of the ca t a lys t .  

Since the r e s u l t s  were obtained wf th  ca t a lys t s  which had been 
irradiated at least one day pr ior  t o  t e s t ,  they are not indicative 
of t h e  possible e f f ec t  of i r r ad ia t ion  immediately prior t o  o r  

Comparing the re- 

Two rms were made with i ron  shot catalyst .  However, the 

The only commercial ca t a lys t  employed i n  t h i s  study was the 

No evidence was found t o  indicate  t h a t  the synthesis reaction 

Table 3 .  -FIXED-BED,,RF,ACTOR TESTS 
W I T H  AMMONIA SYNTHESIS CATALYST 

26 - 25 - R u n  No. 
Catalyst No. 22 2 3  
Catalyst Treatment C ont r o 1 Irradiated 

Met hanehigher  

Methane Equivalent Space-Time 

Carbon Recovery, w t .  $ 86 a7 

Y i e l d ,  SCF/cu. f t  . cat.  -hr. 39 4 3  

Hydrocarbon Mole R a t  i o  0.5 0.4 

< 
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during the mthanat ion reaction, where short-l ived e f f e c t s  might 
be significant . 
sol ids  are limited t o  ionization and possibly s l i g h t  c r y s t a l  
l a t t i c e  defect production. X-ray d i f f r a c t i o n  examination of an 
irradiated sample of Raney i ron  ca t a lys t  failed t o  disclose any 
evidence of c r y s t a l  l a t t i c e  deformation by the r ad ia t ion  dosage 
of loe  roentgens employed i n  this study. 
defects were not produced during the gamma treatment, but that  
any physical e f f ec t s  on the crystal were too small o r  too short- 
l ived t o  be detected by subsequent X-ray d i f f r a c t i o n  analysis .  

Effects of Neutron I r r ad ia t ion  

Four comparative tests with samples of ammonia synthesis 
catalyst  were made t o  determine the e f f e c t  of thermal neutron 
i r r ad ia t ion  on catalyst  a c t i v i t y .  A summary of the results of 
these tests is given in Table 4. 

R u n s  27 and 30 were made w i t h  samples of untreated ammonia 
synthesis catalyst ;  Runs 28 and 29,with i r r ad ia t ed  samples. The 
run conditions employed were the same as those used in compa;ra- 
t i v e  t e s t s  of gamma-irradiated armnonia synthesis ca t a lys t s :  
2000 SCF/cu. f t .  catalyst-hr feed gas space velocity,  6:l hydro- 
gen/carbon monoxide feed gas r a t i o ,  and 500'F. ca t a lys t  bed 
temperature. 

One sample of irradiated ca t a lys t  (No. 25, R u n  28) showed 
an a c t i v i t y  tha t  was about 3@ higher than the average of the 
a c t i v i t i e s  of the two untreated samples. A second sample of 
neutron-irradiated catalyst  (No. 26, R u n  29) showed an a c t i v i t y  
substantially the same as that of the unirradiated samples. This 
difference in a c t i v i t y  between the two samples of i r r ad ia t ed  
catalyst  cannot be a t t r i b u t e d  t o  any apparent differences i n  test  
conditions or method of ca t a lys t  reduction. However, i n  s p i t e  of 
the close control of experimental procedures, the neutron-irrad- 
iated sample showing the high c a t a l y t i c  a c t i v i t y  (No. 25) appeared 
t o  undergo a greater degree of reduction during act ivat ion;  from 
the three samples showing similar a c t i v i t y  (Nos. 24,  26 and 27), 
49.0 t o  51.4s of the oxygen content of the i ron  oxides was re-  
moved, whereas w i t h  Sample 25 oxggen removal was 71.6. 
reported by Sinmad'' showed that the r a t e  of reduction of nickel 
oxide by hydrogen a t  250'-350°C i s  increased by a f a c t o r  of three 
when the oxide has been irradiated w i t h  high-energy protons. 

Table 4.-FIXED-BED REACTOR TESTS OF TKERMAL 

The residual e f f e c t s  of hi&-intensity gamma r ad ia t ion  on 

This does not mean tha t  

Work 

NEUTRON-IRRADIATED AMMONIA SYNTHESIS CATALYST 

R u n  No. 
Catalvst No. 

30 
n l r T  26 27 

- 27 28 29 

Catalkst Treatment C ont r 01 I& adiat ed Control 
Carbon Recovery, w t .  $ 87 79 79 80 
Met hane/f-?i gher 

Methane Equivalent Space-Time 
Hydrocarbon Mole Ratio 0.34 0 .44  0.44 0.42 

Yield, SCF/cu. f t .  cat.-hr. 29 36 26 27 
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Catalysts 25 and 26 were i r rad ia ted  simultaneously; however, 
No. 25 was exposed t o  a neutron f lux  of 2 .6  x l o L 3  neutrons/ 
sq.-cm.-sec., whereas No. 26 w a s  exposed t o  a f lux of 2.0 x 1013 
neutrons/sq. -cm.-sec. 
therefore 3C$ greater.  
of i ron present ( Fe5’ and Fe”) are 2.94 years and 45.1 days, 
respectively, with Fe’’ c o q c i b i n g  approximately 7C$ of the  t o t a l  
radioactive isotopes present.  Since only three days elapsed 
between the t e s t s  w i t h  the t rea ted  samples. the  differences in 
t h e i r  ca ta ly t ic  a c t i v i t y  should not be due simply t o  a decrease 
i n  radioact ivi ty  o r  t o  annealing of defects i n  t h i s  period. 

i r rad ia t ion  of ammonia synthesis catalyst  p r ior  t o  use may have 
an ef fec t  on i t s  ac t iv i ty .  There w a s  no measurable change, how- 
ever, i n  carbon deposition and d is t r ibu t ion  of products between 
methane and higher molecular w e i g h t  hydrocarbons. 

Since an increase in ca ta lg t i c  a c t i v i t y  was observed with 
the i r rad ia ted  sample which had received the higher neutron 
dosage, it is possible t h a t  higher dosage leve ls  than employed 
i n  these tests might r e s u l t  in subs-cantially increased ca t a ly t i c  
ac t iv i ty .  I r rad ia t ion  by f a s t  neutrons might also increase 
ac t iv i ty ,  since a higher r a t i o  of c rys t a l  l a t t i c e  defects t o  
induced radioact ivi ty  would b e  produced . 

The t o t a l  dosage fo r  Catalyst 25 w a s  
The half- l ives  of the radioactive isotopes 

The r e s u l t s  of these tests indicate tha t  thermal neutron 

CONCLUSIONS 

It can be concluded from the experimental results tha t  gamma 
i r rad ia t ion  o r  the rma l  neutron i r rad ia t ion  pr ior  t o  use may have 
a beneficial  effect  on the a c t i v i t y  of i ron methanation catalysts .  
The scope of t h i s  program was not suf f ic ien t ,  however, t o  define 
the radiat ion requirements t o  obtain optimum beneficial  e f fec ts .  
The observed depees  of ca ta lys t  improvement resu l t ing  from 
i r rad ia t ion  can b e  considered small from a p rac t i ca l  s tandpoht ,  
i n  view of the generally low a c t i v i t y  and poor product dis t r ibu-  
tions obtained with the i ron  methanation ca ta lys t s  studied. 

The nature o f  the improvement due to  i r rad ia t ion  seemed t o  
be l imited t o  increased a c t i v i t y  with no apparent change in the 
product se lec t iv i ty  ( methane/hi@er hydrocarbon r a t io )  . No 
signif icant  decreases in carbon deposition were obtained. Al- 
though d i rec t  analogy cannot be drawn, the observed r e su l t s  with 
gamma-irradiated ca ta lys t s  do not appear t o  d i f f e r  greatly from 
the findings of Clarke and Gibson with iron mill scale catalyst .‘  

Although this study was l imited t o  tests of short duration, 
and t o  l imited ranges of rad ia t ion  in tens i ty  and dosage levels ,  
the r e su l t s  show tha t  a more detai led fmdamental investigation 
i n  t h i s  area would be warranted. 
the tes t ing  of other types of methanation catalysts ,  other cata-. 
l y s t  par t ic le  sizes,  other forms of nuclear radiat ion,  and other 
radiat ion dosage and in tens i ty  leve ls .  

Further study should include 

L 

/ 
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The Use of Radioactive Tracers i n  Studying Functional Groups in Coals 

Peter  E. Given 

Fuel Technology Department, The Pennsylvania S t a t e  University,  Universi ty  Park, Pa. 

I n  thz c l a s s i c a l  organic chemical method of e lucidat ing the  s t r u c t u r e  of an 
unknown substance reac t ions  a re  car r ied  out with reagents t h a t  would be expected t o  
reac t  only with one kind of funct ional  group o r  i n  some other  s p e c i f i e d  way. 
product is pur i f ied  from excess reagent and by-products, f o r  example by c r y s t a l l i z a -  
t i o n  t o  constant melting point ;  it is then analysed and character ized by f u r t h e r  
s p e c i f i c  react ions.  Thus i f  the  o r i g i n a l  substance were a secondary alcohol, it 
might be oxidized s e l e c t i v e l y  t o  a ketone, and the character  of t h i s  es tabl ished,  
a f t e r  pur i f ica t ion ,  by conversion t o  a phenylhydrazone. 

The 

In the  chemical study of coal  it is not easy t o  f ind  s e l e c t i v e  reagents.  
Different  funct ional  groupings i n  coal of ten  have s i m i l a r  r e a c t i v i t i e s .  Xoreover, a 
s i n g l e  type of group may exhibi t  a spread of r e a c t i v i t y  owing t o  its occurrence in 
the  coal i n  a v a r i e t y  of environments; consequently attempts t o  achieve completeness 
of reac t ion  usual ly  incur a loss  of s e l e c t i v i t y .  
products possible, s ince  coa l  is an i n v o l a t i l e  s o l i d  and only p a r t l y  soluble,  is 
washing with some s u i t a b l e  l i q u i d  t o  remove excess reagent.  
o f ten  causes ser ious  d i f f i c u l t i e s ,  s ince i n  many react ions it has proved impossible 
t o  remove adsorbed o r  otherwi e s t rongly  held reagent ( f o r  exampls, chloromethylation 
catalysed by s tannic  chlor ide- ,  dehydrogenation with benzoquinong 
methyl perchlorate3, reduct ion wi th  l i thium and a l i p h a t i c  amines ) . 
charac te r iza t ion  of the  product by elementary analysis  is made d i f f i c u l t  o r  
impossible; other  propert ies ,  such as the  inf ra - red  spectrum may a l s o  be affected.  

The only p u r i f i c a t i o n  of reac t ion  

Inadequate p u r i f i c a t i o n  

B and t r iphenyl-  
Consequently 

\ 
It is the purpose of t h i s  paper t o  develop and i l l u s t r a t e  t h e  t h e s i s  t h a t  some 

a t  l e a s t  of the  d i f f i c u l t i e s  out l ined above can be obviated by t h e  judicious use of 
reagents labe l led  with rad ioac t ive  atoms. 
t r a c e r  atoms are  generated i n  s i t u  by s u i t a b l e  i r rad ia t ion ,  might be usefu l  i n  CO$ 

research, for  example i n  determining t h e  s i l i c o n  content of t r i m e t h y l s i l y l  e thers  ; 
however t h i s  type of analysis  is a spec ia l  case and w i l l  not  be discussed fur ther  (in 
any case it has not  ye t  been applied t o  coal so f a r  as t h e  author is aware). 

Neutron a c t i v a t i o n  analysis ,  in which 

It i s  d i f f i c u l t  t o  c l a s s i f y  i n  any r a t i o n a l  manner possible  appl icat ions of 
t r a c e r  techniques t o  organic chemical s tud ies  of coal. 
which t r a c e r s  were used w i l l  f i r s t  be described b r i e f l y  and the advantages of t h e  
technique in these cases  w i l l  be analysed. 
a number of other  reac t ions  where the technique would be valuable.  
t o  show induct ively the  range of appl icat ion.  

1. Carbonyl and Hydroxyl Groups 

as due i n  par t  t o  t h e  presence of carbonyl groups5 has been sharply contested6. But 
i f  i t  can be shown on other  evidence t h a t  these groups are present,  then t h e  s p e c t r a  
ind ica te  t h a t  they must be s t rongly conjugated and probably chelated t o  hydroxyl. 
Carbonyl groups of t h i s  type e i t h e r  do not r e a c t  o r  r e a c t  abnormally wi th  the usual  
reagents7; attempts t o  determine carbonyl in coal  with hydroxylamine8 and 

Therefore t h r e e  researches in 

Subsequently a t t e n t i o n  will be dravn t o  
It is hoped thus 

The i n t e r p r e t a t i o n  of the b a d  a t  1600 cm-l i n  the inf ra - red  s p e c t r a  of coa ls  

* 
The author is indebted t o  D r .  P.  S .  Skel l  f o r  t h i s  suggestion. 
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phenylhydrazine proved unsat isfactory.  Treatment with l i thium alnmimmr hydride 
produced no detectable  change, probably because the  hydroxy groups formed were 
re-oxidized very readi ly  during working up of the  product. 

Given' and Peoverl' t he re fo re  used radioact ive t r a c e r  technique with coa l  
e x t r a c t s  i n  what was e s s e n t i a l l y  a reduct ive ace rp laz im reaction, the  reduct ion being 
c a r r i e d  out by e l e c t r o l y s i s  i n  dimethylfonuamide solution. Qujnones reduced i n  t h i s  
way y i e l d  the  dianions of the  hydroquinones, which reac t  rapidly a t  room temperature 
with a c e t i c  anhydride t o  g ive  the hydroquinone d iace ta tes  and ace ta t e  ions. A n  
e x t r a c t  ace ty l a t ed  with unlabel led reagent w a s  reduced a t  a s t i r r e d  mercury cathode 
con t ro l l ed  a t  a series of standard po ten t i a l s  against  a reference electrode;  ia t h i s  
way the  reducing power of the  system could be var ied a t  w i l l .  
e l e c t r i c i t y  pass d was measured with a couloormeter. 
near ly  t o  zero '%-labelled a c e t i c  anhydride was added. The product wae  isolated,  
washed with unlabelled a c e t i c  a c i d  and water t o  renmve adsorbed radioact ive acid, 
and the  d i s in t eg ra t ion  r a t e  counted. 
been recorded. 

The quant i ty  of 
When the current  had f a l l e n  

Counting w a s  continued u n t i l  about 10,000 had 
The count rate was 2000-8000 min,-'. 

When acetylated but unreduced ma te r i a l s  w e r e  t reated-  n L&W with l abe l l ed  
anhydrid the  count r a t e  of the  product was abou 90 min. I. Hence ne i the r  adsorp- 
t i o n  of f4C-acetic acid nor ester exchange with '2C-acetyl was s ignif icant .  A 
f u r t h e r  continuation of t h i s  was obtained by determining f i r s t  the  hydroxyl content 
radiochemically, with the  r e s u l t :  0 as OH = 41.9%: The radioact ive product w a s  then 
reduct ively acetylated,  again with l abe l l ed  d y d r i d e .  The f i n a l  count r a t e  gave: - 
t o t a l  0 a s  3% + CO = 9.3%; hence, by difference,  0 as CO = 4.446. 
t o  be compared with the  value 4.0% obtained by d i r e c t  radiochemical determination as 
described above on a separate  sample of the same extract .  Over 90-95% of t h e  radio- 
a c t i v i t y  of t h e  various products w a s  removed by hydrolysis with s u l f u r i c  acid, 
shar ing t h a t  no s i g n i f i c a n t  C-acetylation occurred. 

The latter value is 

Thus the  use of t r a c e r  technique pruvided: 

1. unequivocal proof t h a t  f r e s h  hydroxyl groups a r e  produced by reduction, that 
is, t h a t  carbonyl groups are present 

2. an easy means of checking t h e  absence of a possible  s ide-react ion 
3. a simple rout ine method of studying the  va r i a t ion  of carbonyl content with 

f r a c t i o n  of coal ex t r ac t ed  and rank of coal 
4. simple m e a n s  of following t h e  d i s t r i b u t i o n  of carbonyl groups as a function 

of t h e i r  reduction p o t e n t i a l s  
5 .  a check on the  s e l e c t i v i t y  of t h e  reduction. 

Po in t s  4 and 5 merit some f u r t h e r  conment. A "carbonyl content" could be calcu- 
l a t e d  not only from the  I4C-acetyl content but a l s o  from the  number of  coulombs 
consumed; both w e r e  p lo t t ed  a g a i m t  the  control led po ten t i a l  (see example i n  Fig. 1). 
The coulonrmetric f igure  was somewhat higher than the  radiochemical a t  po ten t i a l s  up 
t o  about -1 v o l t  (measured aga ins t  mercury pool in 0 . U  tetraethylammonium iodide a s  
reference electrode) .  Moreover whereas the  radiochemical f igure  l eve l l ed  off t o  an 
approximately constant value at p o t e n t i a l s  i n  the range -1 t o  -1 .4vo l t  ( v q -  
with the  coal) ,  the  coulorometric increased without l i m i t .  
carbonyl were  reduced, p a r t i c u l a r l y  a t  higher poten t ia l s ;  these w e r e  p r - w b l y  am- 
matic nuclei .  
chemical carbonyl content as a funct ion of reduction potent ia l ,  fromwhich Soate 

deductions about t h e  na tu re  of the carbonyl groups can be made (see  r e f .  10 f o r  
d e t a i l s ) .  In conclusion,. it must be admitted t h a t  comparison of the in f r a - r ed  
spec t r a  of the coa l  extraccs  and t h e i r  acetylated and reduct ively acetylated products 
introduced some uncertainty i n  t h e  i n t e r p r e t a t i o n  of t h e  da t a  f o r  carbonyl ccmtents. 
Depending on the  view one takes of the  s ignif icance of the  spectra,  the  c a r b o w l  
contents of e x t r a c t s  of bituminous v i t r a i n s  of carbon content 7849% a r e  e i t h e r  in the 
range 2.2-0.9 or  4.4-1.8% 0 as CO (decreasing with increasing rank). 
65-90% of the oxygen was accounted f o r  as OH + CO. 

Hence other  groups than 

Also shown i n  Fig. 1 is an approximate d i s t r i b u t i o n  curve f o r  radio- 

In e i t h e r  case 



1 i- Since  t h i s  work. was  done, it has been s h a m  ]that f i n e l y  ground whole coa is  can ' * 

be reduced i n  suspension i n  DMF. 
chemical technique f o r  carbonyl determination t o  coa ls ;  t h i s  has not ye t  been t r i e d ,  
I f  t he  conventional reduct ive  ace ty l a t ion  technique ( re f lux ing  with zine, a c e t i c  
acid, etc.) were applied t o  ace ty la ted  coa l  using l abe l l ed  reagents,  e s t e r  exchange 
would ce r t a in ly  occur and invaHdatethe r e s u l t s ;  however i t  would be poss ib le  t o  use 
labe l led  reagents f o r  both steps,  and determine carbonyl by d i f fe rence .  

2. Su l fur  i n  Coals 

a l l  of t he  f o r m ,  mercaptan, d i su l f ide ,  su l f ide ,  thiophene r i n g  system; the  las t  
two, on grounds of super ior  s t a b i l i t y ,  are the  most probableL2. 
forms the  f i r s t  t 
sulfonium iodides'. The primary r eac t ion  with a s u l f i d e  is: 

It would the re fo re  be worth applying the  radio- 

It i s  commonly supposed t h a t  t he  organic s u l f u r  i n  coa l s  is  present i n  any o r  

Of these  four 
ee react ( a t  varying r a t e s )  with methyl iod ide  t o  form t e r t i a r y  

R S  + cH3I = [ R S  CH3]+ I- (1) 
With mercaptans and d i su l f ides  hydrogen iodide  and possibly o the r  by-products a re  
also formed. 

Selker13, i n  a study of su l fu r  i n  vulcanized rubber, shared t h a t  fu r the r  r eac -  
t i o n  can occur, involving a metathesis of t he  r a d i c a l s  a t tached  t o  su l fur ,  by d i s -  
soc i a t ion  and r eme thy la t ion ;  the  rate of r eac t ion  va r i ed  widely with the  na ture  of 
R. The ove ra l l  r e s u l t  is: 

R S  + 3C-I - 2RI + (C%)3SI ( 2) 
Thus, when applied t o  coal, by r eac t ion  (1) one methyl group and one iodide ion  
a re  introduced f o r  each s u l f u r  atom present as su l f ide ,  whereas by r eac t ion  (2) 
two covalently bound iodine  atoms a re  added t o  t h e  coal and one molecule of t r i -  
methylsulfonium iodide re leased  i n t o  so lu t ion  f o r  each s u l f u r  atom present ;  i n  t he  
l a t t e r  case  t h e  s u l f u r  i s  removed from t h e  coal.  

Reaction with methyl iodide has been used by var ious  authors 14-16 t o  ob ta in  a 
d i s t r i b u t i o n  between the  r eac t ive  and unreac t ive  forms of su l fu r .  
Angelmal5 assumed t h a t  only reac t ion  (2) took place, and measured t h e  decrease i n  
s u l f u r  content. 
measured the  iod ine  content of t h e  t r e a t e d  coal.  

Kavcic14 and 

Postovskii  and Harlampovitch16 assumed only r e a c t i o n  (1) and 

Experiments have been started' '  wi th  the  objec t  of f ind ing  out which r eac t ion  
The coa l  i s  heated a t  125" i s  i n  f a c t  followed, using 1%-labelled methyl iodide. 

with the  iodide i n  acetone. 
I4C, and fo r  t c t a l  S and 1 by chemical ana lys i s ;  a sample i s  washed wi th  sodium n i t r a t e  
so lu t ion  and the  iod ide  ion  re leased  by exchange is determined by t i t r a t i o n .  
r e s u l t s  s t i l l  r equ i r e  some c l a r i f i ca t ion ,  but it is  already evident t h a t  both 
reac t ions  (1 and (2) occur, s ince  some s u l f u r  i s  removed,. and both covalent 
iodine and liC-methyl groups a re  added; t h e r e  i s  some exchangeable iod ide  ion  i n  
the  products. 

The product a f t e r  washing wi th  acetone i s  analysed fo r  

The 

A complex r eac t ion  l i k e  t h i s  can obviously only be e luc ida ted  by s e t t i n g  up 
a complete weight balance f o r  methyl, bound and ionized iodine, and su l fu r .  
Radiochemical methods cannot be used f o r  t h e  su l fur ,  and are hardly necessarp f o r  
t h e  iodine, s ince  i t s  atomic weight is h igh  and chemical ana lys i s  is reasonably 
accurate (though perhaps slower than radiochemical). However t h e  carbon and hydro- 
gen added as  methyl could not f eas ib ly  be determined i n  any o the r  way than  by means 
of tagged atoms. 

series of coals i n  t h e  presence of added 35S-enriched p y r i t e  ; she found t h a t  some 
of t he  s u l f u r  re leased  by t h e  p y r i t e  becomes f ixed  i n  the  organic  p a r t  of the  char. 
She also used the same t r a s r s i n  studying the e f f e c t  of czrbonizing i n  a stream Of 

Perhaps it is worth mentioning f o r  completeness t h a t  Cefgic has carbonized a 

, 



hydrogen, steam and ammonia. 

3. Depolymerization of Coal 

by Heredy and Neuworth , i l l u s t r a t e s  another u s e  of t racers .  I n  this reacttop, 
the  Lewis ac id  brings about the splitting of l inkages of t h e  diarylmethane type, and 
one molecule of phenol adds across  each broken bond. The coal  is broken down h t o  
products of r e l a t i v e l y  low molecular weight, a la rge  f r a c t i o n  being soluble  in 
organic solvents.  
fragments t o  be eas i ly  determined. 
weights of f r a c t i o n s  and o ther  data,  suggest i n t e r e s t i n g  conclusions about coal  
s t r u c t u r e  and i n  par t icu lar  t h e  way i n  which aromatic nuclei  are  l inked together. 

4. Suggested fur ther  Applications 
(a) Performic ac id  oxidation. 

oxidat ion of a coal, measured by elementary ana lys i s  and by the s o l u b i l i t y  of t h e  
product i n  c a u s t i c  soda, was much reduced i f  t h e  c o a l w a s f i r s z a c e t y l a t e d .  
r e s u l t ,  i f  correct ,  is important, because it implies t h a t  the  i n i t i a l  a t tack  of t h e  

a l i p h a t i c  groupings, as might have reagent is on the aromatic nuclei ,  ra ther  
been expected. However l a t e r  experiments 
was suspected t h a t  s ince they were on a larger  scale and a higher temperature was 
reached owing t o  the  s t rongly  exothermic nature  of the reaction, the 
were removed by hydrolysis i n  t h e  s t rongly ac id  reagent.  The use af “C-acetylated 
coal  would provide t h e  e a s i e s t  means of t e s t i n g  t h i s  hypothesis. 

2 

macerals and benzoquinone was hydrogen abs t rac t ion  from hydroaromatic r ings  and 
reduct ion of t h e  quinone t o  hydroquinone. 
quinone t o  the  coal  occurred, and consequently t h e  ana ly t ica l  da ta  were d i f f i c  It to  
i n t e r p r e t .  I n t e r p r e t a t i o n  would b e  e a s i e r  i f  the  quinone w e r e  labe l led  with “C, 
o r  perhaps tritium. 

would grea t ly  a s s i s t  i n t e r p r e t a t i o n  of the r e s u l t s ,  such as oxidat ion u i t h  
perbenzoic anhydride1, reduct ion with l i t h i u m  in ethylene diamine4, and bromination 
with ELbromosuccinfmide. 

The depolymerizatign of c o a l  w i t h  the  phenollboroa t r f f l u o r i d e  complex studied I 

The use  of l k - l a b e l l e d  phenol p e r m i t s  the  amount added t o  the  
The resu l t s ,  in conjunction with the  molecular 

Early experiments’ showed t h a t  the extent of 

This 

did not  confirm t h e  r e s u l t ,  and it 

e t y l  groups 

5871 

(b) Dehydrogenation of Coals. Peaver found t h a t  t h e  main reac t ion  between coal 

However, some Diels-Alder addi t ion of 

(c) Other reactions.  There are many other  reac t ions  where t r a c e r  techniques 

Conclusions 

It is  evident from the.foregoing t h a t  t r a c e r  techniques a re  extremely useful  
i n  e lucidat ing t h e  reac t ions  of coal,  which. are o f t e n  complex. 
the  techniques o f f e r  the  bes t  and sometimes t h e  only prac t icable  m e a n s  of f inding 
out whether a reagent has added t o  the coal;  t h i s  addi t ion may be desired o r  
undesired. 

In p a r t i c u l a r  

I n  any event q u a n t i t a t i v e  da ta  are readi ly  obtainable.  

Where t h e  f a c i l i t i e s  of a radiochemical laboratory a re  already available,  t h e  
technique should c l e a r l y  be used extensively.  Provided a counting chamber of the 
hemispherical or  cy l indr ica l  types is available,  the  radioact ive reagent can be 
very heavily d i lu ted  with i n a c t i v e  mater ia l  while s t i l l  re ta in ing  an adequate Count 
r a t e  i n  t h e  reac t ion  product. Given and Peover i n  t h e i r  reduct ive ace ty la t ion  
e periments‘’ only had ava i lab le  an end-window type of counter, so t h a t  1 mc. Of 
‘%-acetic anhydride could be d i l u t e d  only t o  about 20 ml. Where one of the high- 
e f f ic iency  counting chambers is available,  1 mc. could be d i lu ted  t o  many litres; 
a t  t h i s  d i l u t i o n  20 m l .  reagent  used in an ace ty la t ion  would cos t  considerably less 
than a chemical acetyl  determination car r ied  out by a commercial microanalytical  
laboratory.  
useful,  but per fec t ly  prac t icable  f o r  extensive use. 

Radiochemical methods therefore  may prove not  only convenient and 
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"EK STUDY OF CARBONIOICYGEN StRFACB n S  USINCI 01* AS A TRACER* 

F. J. Vastola, P. J. Hart, and P. L. Walker, Jr. 

Department of Fuel Technology, The Pennsylvania S t a t e  University 
University Park, Pennsylvania 

When 0, reacts w i t h  carbon, CO and CO, a r e  the gaseous react ion products. 
ever, not a l l  of the 0, consmed appears i n  the form of these products. 
oxygen remains chemically bound t o  the carbon surface i n  the form of an oxygen sur- 
faCe-Camplex. To define the mechanism of the carbon-oxygen reaction, the nature of 
t h i s  complex must be more f u l l y  understood. 
these complexes, techniques have been developed whereby the react ion can b e  studied 
US- low 0, gas pressures i n  conjunction w i t h  r e l a t i v e l y  high carbon surface 
areasza2. Under these conditions, the e f f e c t  of the formation of a given amount of 
surface complex is grea t ly  magnified. 

Howl 
Some of the 

For the invest igat ion of the ro le  of 

B studying the react ion between Graphon and 0, i n  the pressure region below 
0.1 To-it has been found t h a t  only a small f r ac t ion  of the total E T  surface area 
of the Graphon is capable of chemisorbing oxygen ( l e s s  than 2%),. 
t h i s  chemisorbing area is dependent upon the pretreatment of the Graphon sample and 
react ion tempefature. 
chemisorbed surface complex u n t i l  the complex coverage reaches a "saturation" value. 
After saturat ion is reached, most of the react ing 0, appears in the  form of gaseous 
reaction products. The complex thus formed is s tab le  in tha t  i t  w i l l  remain on the 
carbon surface, a t  react ion temperature, in  vacuo (ca. lom5 Torr). 
surface complex, it i s  necessary to  heat  the carbon t o  temperatures g rea t e r  than the 
react ion temperature. 
the complex decomposes i n t o  CO and CO,; the  r a t e  of t h i s  decomposition decaying from 
an i n i t i a l l y  la rge  value t o  an immeasurably low value. 

The extent  OP 

A f r ac t ion  of the 0, consumed continuously goes i n t o  t h i s  

To remove this 

Upon heating of the carbon to  a selected higher temperature, 

Among the points  i n  question concerning the behavior of the surface complex, 
some can be answered by the use o f  isotopic  t r a c e r  techniques. In par t icular ,  t h i s  
investigation was undertaken t o  c l a r i f y  two main points - (1) the importance of the 
oxygen surface complex ae an intermediate in the conversion of 0, to  CO and (2) the 
possible r e l a t ion  between the time of formation of the complex and i t s  ease o f  re- 
moval upon o u t g a s s i q  a t  higher temperatures following reaction. 

KXFERIMEmAL 

Materials Used - The carbon used i n  t h i s  invest igat ion was Graphon, which was pro- 
duced by the heat  treatment of the channel black, Spheron 63, t o  28OO0C. Since the 
surface capable of chemisorbing oxygen increases rapidly with small amounts of ox i -  
dation in the low burn-off region, the samples were preoxidized a t  650OC. a t  an 0, 
pressure of 0.5 Torr t o  14.4% burn-off. Oxidation of the original Graphon to  this 
burnloff increased the EET surface area from 76 to  98 m.,/g. Following t h i s  sub- 
stantial amount of b w - o f f ,  there was a negl igible  change i n  a c t i v e  surface area 

*Results of research supported by the National Science Foundation on Grant 6023. 
+e+ 1 Torr s 1 mm O f  mercury. 



62. with the small, additional amounts of oxidation r e su l t i ng  from the present study. 
The preoxidized Graphon samples were outgassed a t  95OOC. in vacuo (ca, 10-5 Torr) 
f o r  3 hrs. p r i o r  to  each run, 

The 0, enriched in OI8 w a s  obtained fmm the Weimy81nst i tute  of Science 
Rehovoth, Israel .  
0.6 atomic X O I 7 ,  and 1.0 atomic X 016. 

This axygen contained 98.4 atomic 56 0 (96.8 male I 0218-1B)J 

Apparatus - Figure 1 shows the apparatus used i n  -this investigation, The Graphan 
sample is placed i n  a 10 by 60 am. V y c o r  t e s t  tube which rests in the bottom of a 
2 by 35 cm. Vycor reactor. 
has a volume of 4.91. 
thennocouple gages are used f o r  pressure measurements. The reactor  is heated by a 
resistance furnace, w i t h  furnace temperature regulated by an automatic temperature 
recorder-contmller,  
flow leak t o  the analyzer tube of a modified General Electric mass spectrometer. 
Since the gaseous products t o  be analyzed a r e  CU, 0- 
present, the masses of concern are: 
36..0218'18, 44-C0216'16, 46-C0,16°18, and 48-C02L8'18. 

The volme of the reactor  system is 0.791.; the  reservoir 
The reac to r  i s  evacuated by a diffusion prrmp. McLeod and 

The e n t i r e  apparatus i s  d i r e c t l y  connected a r o u g h  a molecular- 

and CO 
284016, 30-COB, 32-0.$16, 3b0,16'18J 

with both 0l6 and O I 8  

RgSULTS . 

To l a b e l  the complex with respect t o  time of formation, a 0.100 g, Graphon 
sample was heated t o  30O.C. and exposed t o  0,16016 a t  a pressure of 0.490 Torr f o r  
a period of 2.5 hrs. A t  the end of this exposure, the 0216'16 was removed and re- 
placed with 0218-18 (96.8 mole % 0218-18) a t  a pressure of 0.435 Torr f o r  a period 
of 6 hrs. 
periods. 
or iginal  018 sample. 

Table I gives  the analysis  of the gas present  after the two oxidation 
The species 0,16-18 and O2I7-l8 are  a consequence of the 016 and 017 i n  t h e  

TaBLEI 
BNAISIS OF OXYGEN AFTER gxposITRg TO GRAPHON AT 3OO0C. 

2.5 hr. Exposure (0,l6-i6) 6 hr. Exposure (0,18-18) 
Species Concentration, mole % Concentration, mole Z 
021 6-16 98.1 0.01 
0~16-18 - 1.27 

C 3 6  
cola 
c o p  -18 - 0.32 

17-18 - 1.10 
218-18 - 95.6 

1.58 0.09 - 1.52 
co,l 6-1 6 0.38 - 

. 

ing the carbon a t  a s e r i e s  of temperatures between 300 and 9OG"C. 
plex w a s  recovered a s  CO. 
species of CO removed, following outgassing up to  and including selected temperatures. 

The complex formed i n  t h i s  two-step reaction was removed i n  increments by heat- 
Most of the com- 

Table I1 gives the cumdative amount of each Fsotopic 
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Temp.. O C .  

63. TABLE I1 

ISOTOPIC DISTRIBUTION OF CO LN OUTGASSING PRODUCT FOLLOWING 

INITIAL TWO-STEP REACTION OF GRAPHON W I T H  OXYGEN AT 300OC. 

400 
500 
600 
700 
800 
900 

Press., Torr x io3 
- coI6 - cola 

0.72 0.23 
2.60 0.77 
6.02 . 1.66 

13 .7  4.35 
21.1 6.25 
24.0 6.95 

18 Mole %, CO 

24.2 
22.9 
21.6 
24.1 
22.8 
22.5 

TO deternine the  ro l e  played by the surface complex i n  the  carbon- gen re- 

pressure.of 0.032 Torr. After a period of 45 min., the reac tor  was evacuated and 
0,16-l6 a t  a pressure of 0.041 Torr was introduced. During the second reaction, 
the mass spectrometer monitored the Table 
I11 gives the amount of 
the reactor  was evacuated and most of the complex tha t  remained on the  surface w a s  
removed by heating the Graphon t o  a temperature of 900OC. 
the  complex contained 53% CO18. 

action, the Graphon sample was then heated t o  575OC. and reacted with 021 8- l8 a t  a 

a r t i a l  pressures of 02, C 0 l 6  and Cola. 
acd CO1g a t  various times of reaction. After 45 min., 

The CO resu l t ing  from 

Time,  min. 

TABLg I11 
ISOTOPIC DISTRIBUTION OF CO PRDDUCED DURTNG REACTION OF 

0216-16 WITH GRBPHON AT 575°C. 
lMMwIATELY FOLLOWING XFACTION OF 02 WITEi GRAPHON AT 575'C. 

5 
10 
15 
20 
25 
30 
35 
40 
45 . 

Pressure, TOIT x io3 

0.55 0.02 
0.98 0.07 
1.33 0.12 
1.70 0.18 
2.06 0.23 
2.39 0.28 
2.62 0.32 
2.86 0.35 
3.09 0.38 

- coI6 - cola 

18 Mole z. CO 

~ 3.5 
6.7 
8.6 
9.6 

10.0 
10.5 
10.9 
10.9 
11.0 

DISCUSSION 

A t  any given temperature, a ce r t a in  amount of sutface complex w i l l  remain on 
the carbon surface. This e f f e c t  (a varying ac t iva t ion  energy of desorption) could 
be due to  the nature of the carbon surface o r  the ex ten t  of surface complex cover- 
age. 
carbon surface, t ha t  1% i f  there  i s  a d i s t r ibu t ion  of s i te  ac t iv i ty ,  one would ex- 
pect the strong sites t o  be the  first t o  chemisorb oxygen and t o  require  the highest  
temperature to  release the oxygen in the  form of CO. 

Lf the  changing ac t iva t ion  energy of desorption i s  due to the nature of the 

However, i f  the ac t iva t ion  

\ 



64. energy f o r  desorption is a function of t h e  amount of complex remaining OP the surface 
a t  that par t icu lar  moment, one would not  expect to  f i n d  a re lat ionship between time 
of adsorptiou and temperature of desorption. 

The results of the decomposition of the surface complex formed a t  3OO0C., a s  
given Fn Table 11, support t h e  lat ter reasou f o r  a changing act ivat ion energy of 
desorption with coverage. 
sample to 0,16-l6 f o r  a period of 2.5 hrs. and then O,p8-I8 f o r  6 hrs. 
that the concentration of C d a  i n  the decomposition products i s  about 23 mole X 
throughout the e n t i r e  outgassing period, indicat ing t h a t  the t h e  of formation of 
the  surface complex has l i t t le e f f e c t  upon the temperature (its act ivat ion energy) 
of  removal. 

This complex w a s  produced b f i r s t  exposing the Graphon 
It is s e e p  

Table I gives the composition of the oxidizing gas a t  the end of a 2.5 e ~ .  
react ion period (O2I6-l6) and a 6 hr. reaction period (0,18-18). Even though there 
was a re la t ive ly  large amount of 016 surface complex p r e s e n t  during the time o f  tke 
0,18-18 exposure, a negl igible  amount of C0l6  was produced.. (1) 
t h a t  the oxygen in  the gaseous GO produced during the react iou of 0, with Graphon 
came almost e n t i r e l y  from the 0, react ing a t  t h a t  i n s t a n t  and not  from oxygen vhick 
had previously gone in to  a surface complex and (2) that there  was l i t t le  carbuu 
monoxide-complex interaction. 

This indicates:  

In the 575OC. reactions,  the f i r s t  run w i t h  0, produced an 018 complex. This 
complex w a s  not removed p r i o r  to  the 0,l6-l6 run. 
i n  the same manner as the  0l6 complex, the  amount of 018 appearing in the gas phase: 
a s  Cola, during the 0216-16 reaction, a f fords  a direct measure of complex decomposi- 
tion. 
fect iveness  of the complex as an intermediate Fn the  reaction, eg. 

Since the O I 8  complex w i l l  behave . 

Therefore, the  amount of CO18 i n  the gas phase is an indicat ion of the ef- 

Table 111 gives the concentration of Fn the  products of  the 0, l6-I6 reac tim. 
It i s  seen that the contr ibut ion of d 8  t o  the product gases increases a s  the re- 
ac t ion  proceeds. re- 
dominately being produced through reaction ( 2 ) .  Lf t h i s  vere the case, the C J 8  in 
the  t o t a l  CO produced would have been a maximum a t  the beginning of the teac t iou  of 
Graphon with 0216"16, when the OI8 complex on the Graphon surface w a s  a t  a maximum 
and the 0l6 complex was a t  a minknun. 
i n  the gas phase as the react ion proceeds indicates  t h a t  the complex pla  s an in- 
creasingly important role i n  the production of CO. A5 the coverage of Or6 compkx 
increases (the d6 complex mounted t o  47% of the t o t a l  complex remaining after the 
0216-16 reaction),  the ac t iva t ion  energy of desorption of botk the  016 and 0l8 con- 
plex becomes less. 

ZThis result i s  contrary t o  w&t would be expected i f  GO m s  

However, the increasing concentration of Cola 

As a resu l t ,  CO production by reaction 2 becomes signifiicant. 

A t  the  end of the 0,16-16 reaction, most of the complex which had formed pas 
the  C d 8  concentration re- removed by heating a t  900°C. Throughout its removal, 

mained constant (53 mole %) , again indicat ing m d i f f e r e n t h t i o n  of tke 018 and OI6 
complex a s  a result of its time of  formation. 
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IHIE USE OF m m  HALF-LIFE RADI- IN TAGGIHC COAL 

Robert F. Stevart 

U. S. Departanent of the  Interior, Morgantovn C o d  Research Center 
Bureau of Mines, Iqoorgantown, W. Va. 

An important use of radioisotopes in  research on coal processing and coal 
research is i n  tagging the coal t o  detennine the path it takes through the  process 
under investigation. The application of radioactive tagglng, however, is aften 
limited by radiation hazards, process contamination, o r  the  expense of radiation 
f a c i l i t i e s .  Although only a small mount of radioactive material is init ially re- 
quired t o  tag the material, equipnent nwy soon became contaminated, decreasing the 
sensi t ivi ty  of measurement and requiring snccessively larger amounts of radioactiv- 
i-Q for subsequent tests. I n  addition, the product is  often contaminated and there 
is the problem of disposal. of radioactive materials. 
method is needed vfiich is simple, accurate, completely safe and econamical. 

Frapl a pract ical  vievpoint a 

'Ihe use of sho&-llved radioisotopes haplng a half-life of perhaps one 

The use of gsnm3a "covs" or "milkers" 
hour would solve these diff icul t ies .  
supplying such an isotope i n  useable fom. 
solves this problem. 

However, this also introduces the problem of 

Method of -ng Coal with a Short-Lived Radioisotope. One of the  great 
advantages of radioactive t r scers  i n  industrial  amlications is the  use of tracers 
VLth half-Uves of one hour or less.  This means  -&t a few hours a f t e r  they are used 
the radioactivitg has completely disappeared. Such a t racer  can be used vithout con- 
taninating equipment or leaving any residual radioactivity. Since the radioactivity 
of short-lived tracers dies out i n  less than a day, however, one problem w t t h  than is  
a source of supply. %is has been solved by the  use of gamma "cows" or 'Inilkers," 
including a m e a n s  of separa%ing the parent-daugpter isotopes. In this method, a 
longer-lived parent element is stored for future use, then, when needed, the short 
half-life daughter elanent is separated or milked from the  parent and used t o  tag 
t h e  process material.. 

An example of a gemma cow is the  element germanium-68 vhich is available 
i n  millicurie amounts as gennsnimn chloride dissolved i n  about 20 ml. of di lute  acid. 
Ihe continuously produced daughter-isotope gaI.Iium-68 can be extracted as gaI.Iium 
chloride from the parent and used immediately. 
has a half-1ffe of 250 days and can be us& as  a source of gallium-68 for several 
years before the activity of the gennanim-68 becomes too low f o r  use. 
years, the germanium can be extracted for g a l l i u m  every t en  minates or as needed. 

Gennanium-68, the parent radioisotope, 

Dnring these 

The extraction or milking procedure is very simple. !Twenty milXUters of 
25 percent acetyLacetone are aaded to L&e germanium solution in a separatory funnel, 
shaken vigorouslg and allwed t o  clarify. Most of the acetylacetone solution, vhich 
contains onlg the daughter g a l l i u m ,  is decanted o r  withdxaun with an antmatic  pipette, 
lea- a l l  of the  germanium solution for subsequent & A C t i U n S .  Ihe ga l l ium solu- 
tion can nov be added to povdered coal, M e d ,  and the tagged coal used immediately. 
Ihe ga.lXtm solution can be inJected direct ly  into a pipeline, o r  if miscibility vlth 
water is required, the g a l l i u m  raay be extracted with an aqueous solution. G d l i ~ m - 6 8 ,  
w i th  a half-life of about one hour, emits both betk and gama raiiiation. -Its gaamyr 
radiation has an energy of 1.1 M e v ,  vhich means it can be effectively measured through 
an iron pipe or at a distance of sev- feet .  
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Nearly 1 millicurie of g a l l i u m  can be obtained by each extraction froin a 

Regardless of haw the short-lived g a l l i u m  is used, it natur- 
stock of 2 millicuries of gexmanium. 
t racer  applications. 
ally disintegrates i n  a fev hours foming stable zinc-68. 

!5is provides enough radioactivity f o r  most 

U s e  of  cod^ %gged ~ l t h   allium-68. Gd~um-68 is particularly us- i n  
short-duration measurements of flov paths, flow rates, m i x i n g  operations, etc., 
which a re  completed i n  a few hours, and where contamination of product or WUiEpMnt 
must be avoided. 
assurance that all radioactiklty 'Jill be gone the next by. 

The tagged material can be added to 8 process stream vlth compZete 

Coal part ic les  have been tagged with g a l l i u m - 6 8  to measure reaction time 
This gasifier i s  based of the coal and steam in a laboratory-scale coal gasifier. 

on the f a l l i n g  pa r t i c l e  technique (1) and is  used t o  deterrmine the reaction r a t e  of 
pulverized coal as it drops through a steam abosphere inside a 3-inch-diameter, 
9-foot long tube a t  tenperatares front 1,800 t o  2,400' P. 
this apparatus is  the accurate measuranent of residence o r  contact time between the 
coal and the steam. Ihe actual contact time was measured by adding slugs of tagged 
coal' to the feed stream and measuring the tjme interval  as  these slugs passed radia- 
tion detectors located outside the gasif ier  a t  each end of the isothermal zone. Ihe 
tagged coal was prepared by adding a few m i l l i l i t e r s  of the extracted gallium solu- 
tion to a fev grams of coal and drying in a heated t e s t  tube. 
tracted and dried on the coal within 5 minutes, producing about 1 millicurie of ra- 
diation (3.7 x 107 disintegrations per second). 

One of the problems w i t h  

The galurn was ex- 

Repre 1 i l lu s t r a t e s  t h i s  application. 'Ifhe tagged coal passes tvo scin- 
Each time t i U a t i o n  crystal  detectors connected through ratemeters to  a recorder. 

the tagged coal passes a detector, gama radiation f r o m  the coal produces a peak on 
the tracing. !&e contact time is a function of the distance between these peaks. 
Reproducibility of m e a s u r e m e n t  for contact times of 3 to 10 seconds is  2 percent. 

Most of the galJLum chloride remains i n  the ash residue collected at the 
b o t b  of the gasifier. With successive measurements, the ga l l i um-68  contanhates 
the system, causing an increase i n  the background count and reducing the accuracy 
of measurement. 
all of the radioactivity Vill have completely disappeared. 

When t h i s  happens, the sys t em i s  shut &%in unt i l  the next day when 

mi6 method has been used r e p e a t e  t o  measure the residence time of a 
v a r i e e  of coals w%th far greater accurscy than other methods of mesurement. 
over, the method gave qualitative infomation on the mixing of coal and steam and 
pinpointed the location of an unexpected holdup in the residue collector. 

MOR- 

Adaptations of this method are being used in other applications. Qne of 
these is the measurapent of the slippage of solids entrained ia l iquid and ms-s 
m a a  moving a t  high velocities. 
tagged material to thousandths of a second. 

Here, a high-speed recorder measures the speed of 

MsuJssIm 

Germaniwn-68-gallium-& is  0- one of many parent-daughter radioisotopes 
vhich c a  be used f o r  a continuing scpply of short half- l i fe  tracers. 
a 
bfiitg and appropriate decay characteristics. 
mercially available as an automatic mechanical unit 2). The decsy of t i n - l l 3  t o  
irdium-ujm has been reported suitable f o r  t h i s  use 3). Others include strontium-90- 
yttrium-90, te~urium-132-iodine-lj2, and moIyWenum-gg-technetim-%m (4). 

However, 0- 
number of these have practical  significance from the standpoint of avai3.a- 

A cesium-137-barium-137 pair is  can- 



68. Be &vantages of using g a K i r m - 6 8 - ~ - 6 8  f o r  short ---e 
2 .  

appucationa are: 

1. Application is completely safe and almost foolproof. Once the sfmple 
extraction of gallium from genuanitnn has been made, the short-We gallium may be 
nsed i n  any process tTith complete as8ufsIIce that no rsdioactivitg VFIl udst cuter 
a few hours. 

Var lOuB techniqpes of extraction. 

Zhe main safety precaution is avoiding car- mer of g m r m a  in the 
solnuon durJ.ng extraction, We have found no trace of carry over us* 

2. 
ing in the same unit. 
a few hours, there is no increase i n  background count after saccessiva 
of use. 

only a small amount of rsdiosctivity is needed wen for repeated tiest- 
Since any contamination of equipent completdy disappears in 

and Pregs 

3, 

4. 

%%ere is no vaste disposal problem beyond simply waiting a few hours. 

B e  simple extraction of gallium tram g-um cao be ccrmplated IB a 

- -  

few minntes and the short-lived product used to tag'almost any solid o r  Uquia ma* 
id., ei ther  as a water o r  oil solution. 
should f ind th i s  to be a simple pmcedure. 

A Junior chemist, or chenfcal techniciany 

5. B e  short-life gkyiram is a strong 

6. A fozmsl radioisotope laboratory is not required f o r  thia m e t h d ,  since 

emitter; tsa-ed EBtarialS can 
be detected through heavy-walled sipes er at distances of sevexal feet. 

the amount of radioactivi~ needed f o r  mst applications l e  very lar; 1 t o  2 m I U i -  
curles of geamanitrm is adequate for most applications. 
gemanium ehould be perf'ormed i n  a chepical  hood. Beyond a portable survey meter snd 
proper shielillsg or storage place for tbe separat~xy funnel of ge2mSnim8, n0'Bgecia.l 
f a c i l i t i e s  are needed. AS gezmasimn-68 is a cyclotron--ed-rsdioisotope, a U- 
c a s e  from the Btcmclc mer= Ccmnnlssion is not re~uired. A potential user mrst: only 
sa t i s fy  the smller that he has the minimua instrument8 needed for mafe usage. In 
our upe of this metho8 of tagging coaly the total pereonnal exgosure was caiaulatcd 
t o  be lese  the0 1 m l l l l r d  per month; film badger and dosinraters did not ehaa any 
ezQomre. 

'Iha extraction of from 

9he dlsadvantager of thls methoU largely &wan& on the ~ c c r t i o n :  

1. hrge  BIDotlllfs of g e m 4 8  are not rrrd.llv avabble .  wlotron 
pr~dp~tiorr i s  t laaa l lp  in u i c r r r i e  quemtities, so that the appucations oi -48 
are generally limited t o  laborsfory Snd pilot-ecda applications. For d a t m l r g  the 
f l W  mte i n  a hmv-walled p i p u n e ,  8 Blillfcrrria O f  g-1- 1s 
method i s  not saitable f o r  applications *&ring large llpDoMf6 o f  radlosctlve mater- 
ial. 

bat this 

8. Because of the short hulf-Uie'of @Urn-@, the actual. measuranant  
mst be campletdl in less than an hour, or before the radloacffdtp drops too low to 
measure. 
1 mill icurie of &BuIbm from 2 m i l l i c ~ e s  of garmsnirrn every --hour perulits -de 
wcgarlmentation in methods of ssmple preparation. 

SlBo llmite the sanple preparation time. Howwer, the amilabi l i tg  of 

L I I E B B l u R E m  

(1) Dotson, J. #., Holden, J. E., and Eoehler, W. A., Ind. w. Gheu. 9, 1% (1957 
(2) ~ e r ,  V. L. and Anderson, B. L., E. m. e. E, 993, 0. 
(3) Hewakheck, R, L., Nucleonics 2, 122-5 (1957). 
(4) slhctrer, U. D., U. S. At. Errergy Conmission aaE-4908, (1960). 

. . .  



f 

I 

I 

J 

J 

3 

i' 

i 

69 

USE OF COAL TAGGED WITH RADIOACTIVE GALLIUM - 68 IN BUREAU OF MINES RESEARCH 

FIGURE I 
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Robert F. Stevart 

0. S. Department of the Interior,  Morganto.im Coa l  Research Center 
Bureau of Mines, Morgantown, U. Va. 

Zfie s h e  reduction of coal i s  of considerable i n t e r e s t ,  both fundamentally 
and comerda l ly ,  because it makes a larger  surface area available f o r  chemical re- 
action. Also,  several potent ia l  coal processes a re  limited, direct ly  o r  indirectly, 
by t he  abrasiveness of coal o r  coal  ash part ic les  moving a t  high velocit ies.  For 
-le, blades i n  a coal-burning gas turbine would probably be subject t o  less  wear 
whenever agglomeration of the  ash from micron s ize  coal is avoided during cambustion. 
Many new uses f o r  coal can be envisioned if micron-size coal can be pmduced econ- 
C a n l C a l l S .  

m e  irradiation of coal vlth gamma m s  has been reported (3) to  resul t  i n  
considerable particle s i ze  reduction. 
have been made vlthout the investigators noticing any significant par t ic le  s ize  re- 
duction, although the  effect  of i r radiat ion on par t ic le  s ize  was not closely m- 
ined. 

On the other hand, many coal irradiations 

Because of the possible economic significance w i t h  respect t o  the s ize  re- 
duction of coal, the  wlreau of Mines began work at  the  Morgantuan Coal Research 
Center to determine the magnitude of this effect. 

Since a considerable number of variables could affect the  s ize  rednction 
of coal par t ic les ,  a qualitative survey was made first on reIatively small samples 
irradiated a t  lov flux. After successive irradiations gave negative results, quan- 
t i t a t i v e  t e s t s  were later made on larger samples irradiated at higher flux. 

I r radiat ion of 9nall Simples at Low Flux. Coals irradiated a t  low flux 
included lignite, from the  Lehigh bed, Stark County, El. D.; subbituminous B coal, 
frm the AdavSUe No. 1 bed, Elk01 me, Wyoming; high-volatile C bituminous coal 
from the  lo .  2 bed, Wilmington Mine, northern Illinois; strongly coking high-volatile 
A bituminous coal f m  the  Sewickley bed, Bunker Mine, MonongKUa Countr, W. Va.; 
anthracite, from the  middle b q c h  of the Bottom Ross S e a ,  Glen Alden Mine, Wilkes- 
Barre, Pa.; and an unidentified coking-type bitminous coal. 

mese coals were i r radiated a t  the  Efadcell Facil i ty,  Oak Ridge Ins t i tu te  
of Nuclear Studies, Oak Ridge, ~ e n n .  Approximately 6-gram samples of each of the  
f i r s t  f i ve  coals were sized and i-diated, with and without predrying, f o r  various 
periods of 'time. Also, s e v e r a l  size-ranges of one coal, the  subbituminous B, e r e  - 

irradiated. Ihe sixth coal, the  unidentuied coking-type bituminous coal, was irra- 
diated in lump form of l / b to - l - inch  pieces. A l l  samples were placed i n  stoppered 
glass v la ls  and irradiated vith a C0-60 source a t  an hourly &amms dose rate of about 
2 x 107 ergs per g ~ a m  (reference to carbon). (One erg per gram equals O . O U 4  
roentgen.) 
quali tative effects  were being detenained, no par t icular  care was taken i n  s a p l i n g  

U n t r e a t e d  samples of each were retained fo r  comparison. Since 00 

each l o t .  

?be ps r t i c l e  s izes  of the  irradiated and untreated coal samples were 
determined by the ~ a l o - ~ r a v i s  sedimentation method (4). 
15 microns for comparing the s i ze  distributions of similar samples. 

%is method is accurate to 
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Results of the quali tative tests are shown in TBble 1. Be variables in 
this table a re  (a) ranks of coal from l ign i te  t o  anthracite; (b) sizes from lumps t o  
200-230 nesh particles;  (c) dried and Undried cod; and (a) radiation exposure times 
of 2 hours to  io dags.  In no case nas there any evidence of a significant reduction 
i n  the size of the coal particles.  
the difficultg of handling srmall samples of powdered coal without segregation of 
Sizes. 
v i th in  the accuracy of the size-detennination nethod. 
diated in lnmp form was examined under a microscope but there was no visible evidence 
Of ang. physical change. 

B e r e  i s  some random sca t te r  of data because of 

However, the difference in s ize  of the irradiated and untreated coal fell 
The coal that had been ifia- 

Irradiation of Large Samples a t  High Flux. Since the preliminary investi- 

In this mrk, re lat ively large amounts o f  
gation failed to  rev& any def in i t e  indication of par t ic le  s i ze  reduction, a quan- 
t i t a t i ve  investigation was undertaken. 
coal m e  irradiated a t  very hi& flux levels and the particle-size distributions of 
the product were determined by severa l  methods. 

lhree pounds each of l ign i te  from the 
Lehigh bed, Stark County, B. D.,  and hi&-volatile C bituminous coal f'rcnu the Rock 
Springs bed in Wyoming yere irradiated in separate alloy-steel  cylinders. 'Ihe im- 
diations were performed at  the National Reactor Testing Station, Idaho Falls, Idaho, 
w i t h  spent MTR fue l  assemblies as sources of hi@-intensity gama radiation (1). 

Esch sample of coal was pulverized and screened t h e e  times on a Rotap 
shaker by the A.S.T.M. method t o  insure that the sample was r l thin the s ize  range 
specified---ndnus 200 - 230-mesh U. S. S t a n d a d  Sieve Series. A small sample of 
minus 90 - plus 120-mesh Ilgnite vas also prepared. After sizing, each coal vas 
csrefullg mixed and quartered into duplicate samples, s e p a r a t e l y  mapped and placed 
in identical  cylinders. ?he duplicate saqles were prepared so tha t  the Frrsdiated 
coal could be compared w i t h  untreated c o a l  that had received the s8me preparation 
and m n g  procedure. Each cyl inder vas evacuated, purged three t-es w i t h  hell- 
and evacuated for 3 days  to an absolute pressure o f  180 microns of mercury. 
m a  then admitted into each cylinder un t i l  a gage pressure of 2 inches of mercury v88 
attained. 

3 x ld ergs per gram per hour. 
follows: 

High vola t i le  C 
Lignite -200 + 230 mesh 5 d i t to  
Lignite -9o i12011~sh  6 d i t to  

Sample Preparation and Irradiation. 

H e l i u m  

'Ifre cylinders were then sealed. 

The cylinders were irradiated for 308 hours at a flux &e of about 
The average total. dosage of each sample was as 

-200 + 230 mesh 7 x do ergs g-l(e) 

Methods of Size  Analysis and Results. ?he irxadiated and untreated coals 
were analyzed f o r  particle-size distribution to  detexmine any changes i n  size be- 
cause of irradiation. Since there is no widely accepted method of s ize  analysis of 
coal, the sizes of the  irradiated and untreated coal were determined in several  dif- 
ferent nays. These included the Falo-TraHs sedimentation method, a standard sieve 
W s i s  us- a Rohp shaker, a microscopic method of direct counting, and the 
muter  m & d  of snalysis. 

. Flgure 1 shows typical particle-size distribution cun7e6 for duplicate 
tests of irradiated and untreated samples of the high vola t i le  C bitrmrinoas coal. 
Bese curves were obtained 
mined fm the  integrated area belaw these curves, 'he average particle sizes of the 
j,fiadiated and untreated coals were 70 and 74 microns, respectively. 
ence in size i s  not siipificant;. Even if irradiation reduced the  s ize  of a small 
amount of the particles,  the c m e  would "tail-offN mch more in the  direction of 
the e e r  par t ic le  sizes. 
ifiadiated and untreated samples are remarkshu similar. 

the ~ a l o - ' p a v l s  sedbentation methorf (4). AQ deter- 

'Ibis differ-  

As can be seen, however, the s ize  distributions of the 



T4,BJ.Z 1. - Results of I r radiat ing shnill Samples of Pulverized coal 

~ 

Or ig ina l .  s ize  Average s i zeby  
range, U. S. Exposure sedimentation 

m e  o f  coal stan- sieve Y time, sass method, microns 

Lignite, rmtreeted 
L i g n i t e  
Lignite 
Lignite, dried 

Subbituminous By untreated 
Subbitwninous B 
S t b b i t h m s  Bj dried 

Subbituminous Bj untreated 
Subbltmninous B 
Subbituminous By dried 

Subbituminous By untreated 
Subbituminous B 
Subbituminous B 
Subbitrrminous B 

High vola t i le  A, untreated 
High vo la t i l e  A 
High vo la t i l e  A 
High vo la t i l e  A, dried 

High vo la t i l e  C, untreated 
Hi& vola t i le  C 
High vo la t i l e  C 
High vo la t i l e  Cy Wed 

Anthracite, untreated 
Anthracite 
Anthracite 
Anthracite, dried 

Coking bituminous 

-90 + 120 
-go + 120 
-go + E O  
-go + I20 
- & +  45 
-40 + 45 
-40 + .45 
-go + 120 
-90 + EO 
-go + 120 
-200 + 230 
-200 + 230 
-200 + 230 
-200 + 230 
-90 + m 
-go + 120 
-go + 120 
-go + E O  

-200 + 230 
-200 + 230 
-200 + 230 
-200 + 230 

-go + 120 
-go + 120 
-go + E O  
-90 + EO 

lDmrp 

0 
1 
3 
1 

0 
3 
1 

0 
3 
1 

0 
2 hrs. 
10 
1 

0 
1 
3 
1 

0 '  
1 
3 
1 

0 
1 
3 
1 

10 

2 Various coal types of t h e  same original size-range may d i f f e r  i n  average s ize  

Probably i n  error; test could not be repeated owing to  insuff ic ient  sample. 
(shovn i n  column 4) because of different  methods of screening. 



73.  
!The s a e  equipaent used to s i ze  the originsr coal YBS used to  make sieve 

'Ihe results are shown i n  Table 2. analyses of the  irradiated and antreated coals. 
BO significant particle-size reduction is apparent. 

We of coal 
EUgh volati le C 

Irradiated 
Untreated 

Irradiated 
Untreated 

Lignite 

Lignite 
Irradiated 
Untreated. 

'l!RRG3 2. - Size analysis of irradiated and untreated c o a h  sedimentation and 
sieve methods 

Average s i ze  by sedimentation 
'method, microns 

70 
74 

99 
99 

167 
... 166 

miCrOnS Irradiated I Untreated 
0-2 75-90 59-82 
2-5 21.84 36.42 
5-10 70 .82 
10-20 .ll .14 
20-40 -40 .42 
40-60 2.10 1.63 
60-80 .81 .60 
>eo .14 015 

Sieve W s i s  Y - 
~ o o  I -200 + 230 1 -230 

I 

Irradiated Untreated 
0.01 0.01 

15 *31 
05 07 
.c6 .10 
1.72 2 -22 
41.46 b.04 
43 79 40.51 
12.76 16.74 

U.6 
7 * 5 :  I 

Particle size, 

1 
I 0.8. I 
-size. 

87.4 1 11.8 
.5 85.5 I 14.0 

Percentage by count Percent by volume 

A microscope method of s i ze  analysis also was used. In this method, the 
actual number of particles i n  each s i ze  range is counted (2). 
s i ze  analysis of the high volat i le  C bitnminous coal. 
al teration i n  par t ic le  s i ze  due t o  irradiation. 

%le 3 shows a typical 
The results showed there was no 

!UBI33 3. - Size analysis by microscope count method of irradiated and untreated 
h i g h  volat i le  C bituminous coal 

Irradiation of Bituminous Coals of the Same Rank. Although irradiation of 
coals of different rank did not reveal. any indication of significant s i ze  reduction, 
the possibil i ty remained tha t  same other coal within the same rank might b e  affected 
by irradiation. 
of irradiation was a high-volatile C bituminous coal from the Kenilvorth seam i n  Utah. 
&cordingly, samples of the Kenilvorth coal and tm other bitminous coals of the sane 
class---a low-volatile bituminous coal. from the Pocahontas Do. 3 bed, W. Qa., and a 
high-volatile A bituminous c o a l  fmm the Pittsburgh seam, Ezuceton, Pa., ---=re pre- 
pared and irradiated at the National Reactor %sting Station as described previoaglg. 

The coal previously reported t o  have been reduced i n  size by means 
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%e average t o t a l  gmma dose e v e n  ca~h coal YSS 5 x loLu srgs per gram (reference 
to carbon). FoU&ng i r radiat ion the Size of each Irradiated coal vas detenuined 
by each of the fmr methods previously used. 
of s ize  reduction. 

I n  no case was there any indication 

A f i f t h  method of s i z e  CampariSOn vas made w i t h  the  Kenilwrth coal. 
of the irradiated and untreated K e n i l v o r t h  coal was returned to the supplying or&- 
zation, the Denver and Rio Grande Western Railmad Company. 
the twD samples by photographing the coals w i t h  an electron microscope at  a magnifi- 
cation of 50. 
untreated Kenilvorth coal. 
par t ic le  size. 

This company campared 

Figure 3 shovs the electron photomicrographs of the Frrrsdiated and 
The photcnnicroipaphs do uot reveal. any difference i n  

MSCUSSICEi 

%e t e s t s  conducted by the Bureau of Mines show that irradiating coal with 
mrs due t o  segregation and gamma rays  does not change the  s i z e  of the  particles. 

sampling of pulverized coal may canse apparent effects that miat easily be attributed 
to irradiation effects. Casual inspection of the  data i n  llable 1, for instance, might 
lead t o  a conclusion that irradiation slietly altered the-s ize  of anthracite. Subse- 
quent irradiations with careful sampling, hovever, showed there was actually no signi- 
f ican t  change i n  par t ic le  size. 

Several c o d  i r radiated with neutrons were v isn~al ly  M e t e d  and rwealed 
no apparent change in size, but the induced radioactivity of the ash in the  coal pre- 
cluded mie detailed exanbation. 

An attempt was made t o  measure the  increase i n  hardness of irradiated coals 
by detelrmining the difference in grindability. S m d l  samples of irradiated and un- 
treated coal were ground in a b a l l  mill for equal periods of time and the s ize  dis- 
tribution of each coal compared. Ibe accnracy of this method vas q d + e  pobr, repro- 
ducibil i ty of the method being about 10 percent. 
vas no significant difference between grlndabiuty of &anrma irradiated and untreated 
coal. 
increase i n  grindability must be less than 10 percent. 

Vithin these vide l imits,  there 

The results suggest that i f  i r radiat ion increases the hardness of coal, the 

We wish to  thank James L. DnchesQ formerly w i t h  the  Morgantown coal 
Research Center, now chanicd. engineer, Mobay Corp., Nat &rtinsvll le,  W. Pa., for 
the c s r e f u l  preparation and s ize  anslysis of most of these coals; the oak Ridge 
Institute of Nuclear Studies and the National Reactor Testing Station f o r  use of 
the i r  i r radiat ion fac i l i t i es ;  and Ray McBrian, Director of Research, Denver and 
Rio Grande Western -mad Company, for supplying samples and electron photcrmicro- 
graphs of the  Kenilmrth coal. 
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